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CHAPTER(1(
(
INTRODUCTION(
!
!
These%papers%address%a%central%issue%in%activity%reconstruction%and%
primarily%focus%on%the%interdependence%of%angular%and%structural%morphology%in%
the%femur%as%a%weightPbearing%element.%In%total,%two%femoral%data%sets%were%
constructed:%(1)%immature%remains%sampled%from%seven%geographic%regions%
(n=445)c%and%(2)%adult%remains%sampled%from%four%collections%that%range%in%
subsistence%economies%from%hunterPgatherers,%horticulturalists,%agriculturalists,%
and%industrial%societies%(n=279).%
The%first%paper%addresses%the%ongoing%debate%regarding%whether%the%
declination%of%the%NSA%is%principally%directed%by%an%increase%in%activity%level,%or%
due%to%the%secondary%consequences%of%climatePinduced%body%proportions.%This%
paper%examines%the%relationship%between%NSA%and%a%proxy%for%body%proportions%
(relative%body%mass)%in%a%sample%of%seven%geographically%diverse%immature%
remains%(data%set%1),%ranging%from%birth%to%eighteen%years%of%age.%In%this%study,%
we%attempted%to%1)%establish%whether%populations%differed%with%regard%to%NSA%and%
RBM%before%skeletal%maturityc%2)%establish%when%these%differences%emergec%and%
3)%evaluate%the%pattern%of%relationship%between%NSA%and%RBM.%Results%indicate%
that%populations%differ%significantly%in%both%NSA%and%RBM%before%skeletal%maturity%
and%that%these%differences%are%established%early%in%life.%Although%both%NSA%and%
RBM%change%over%the%course%of%development,%no%significant%relationship%was%
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found%between%NSA%and%RBM%in%this%robust%sample%(n=445)%of%geographically%
diverse%immature%remains.%%
The%second%paper%examines%the%magnitude%and%pattern%of%relationship%
between%the%structural%and%angular%morphology%of%the%proximal%femur,%as%inferred%
by%crossPsectional%geometric%properties%(CSG)%of%the%femoral%diaphysis%and%the%
and%the%neckPshaft%(NSA)%and%torsion%angles%(AT).%While%the%angulation%of%the%
proximal%femur%has%been%shown%to%alter%the%load%distribution%of%the%femoral%
diaphysis,%the%direct%relationship%between%these%biomechanical%features%has%not%
been%fully%explored.%This%relationship%was%explored%in%a%large%sample%of%adult%
femora%sampled%from%variable%subsistence%economies%(data%set%2).%Results%
indicate%that%individuals%with%lower%NSA%have%greater%measures%of%medioPlateral%
bending%rigidity,%and%individuals%with%greater%AT%have%more%elliptical%diaphyses,%
oriented%along%the%plane%of%antetorsion.%%
The%third%paper%assess%the%potential%relationship%between%the%angulation%
of%the%proximal%(NSA)%and%distal%femur%(BA),%which%similarly%respond%to%changing%
hip%joint%reaction%forces%during%gait%development.%Furthermore,%it%was%of%interest%
to%assess%how%these%two%angles%relate%to%the%hipPcenterPshaft%angle%(HCA),%which%
represents%the%load%axis%of%the%body%through%centers%of%rotation%at%the%hip%and%the%
knee.%While%no%relationship%was%observed%between%the%NSA%and%BA,%both%angles%
significantly%correlated%with%the%HCA.%%
!
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CHAPTER(2(
(
FEMORAL(NECK6SHAFT(ANGLE(AND(CLIMATE6INDUCED(BODY(
PROPORTIONS(
%
%
%
ABSTRACT%
Objectives:.Declination%in%femoral%neckPshaft%angle%(NSA)%is%commonly%
linked%to%an%increased%level%of%physical%activity%during%life.%More%recently,%
however,%research%suggests%that%lower%NSA%might%also%be%explained,%in%part,%as%
the%mechanical%consequence%of%differences%in%ecogeographic%body%proportions.%
This%study%tests%the%proposed%link%between%NSA%and%climaticPinduced%body%
proportions,%using%relative%body%mass%(RBM),%throughout%the%course%of%
development.%
Materials.and.Methods:.NSA%and%RBM%were%collected%for%445%immature%
remains%from%five%geographic%locations.%NSA%and%RBM%were%standardized%for%
agePeffects.%ANOVA%was%used%to%examine%when%population%differences%emerged%
in%both%NSA%and%RBM.%Regression%analyses%were%used%to%examine%the%pattern%of%
relationship%between%NSA%and%RBM.%%
Results:.Populations%differ%significantly%in%NSA%and%RBM%before%skeletal%
maturity,%and%these%differences%occur%early%in%life.%While%both%NSA%and%RBM%
change%over%the%course%of%development,%no%significant%relationship%was%found%
between%NSA%and%RBM%for%any%sample,%or%any%age%category%(p=0.244).%
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. Discussion:.Individuals%who%have%relatively%greater%relative%body%mass%do%
not%necessarily%have%lower%NSA.%Population%differences%in%NSA%were%found%to%be%
variable,%while%differences%in%RBM%remained%consistent%across%the%developmental%
span.%Taken%together,%these%results%suggest%that%regardless%of%body%proportions,%
the%degree%of%declination%of%NSA%is%presumed%to%be%similar%among%individuals%
with%similar%gait%and%ambulatory%behaviors.%Conversely,%populations%differ%in%RBM%
from%birth,%and%these%differences%are%consistent%throughout%development.%These%
two%measures%likely%are%responsive%to%diffing%stimuli,%and%any%potential%
relationship%is%likely%complex%and%multifactorial.%%
%
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INTRODUCTION.
Femoral%neckPshaft%angle%(NSA)%is%a%measure%of%the%medial%inclination%of%
the%proximal%femur%[Martin%No.%29%(Bräuer,%1988)].%It%varies%widely%during%growth,%
across%geographic%space,%and%across%temporal%periods.%In%general,%there%is%a%
trend%of%increasing%femoral%inclination%throughout%the%Holocene%with%the%transition%
from%hunting%and%gathering%to%urban,%or%industrial,%societies%(Anderson%&%
Trinkaus,%1998,%Backman,%1957c%Larsen,%1995,%1997c%Pearson%&%Buikstra,%2006c%
Ruff,%Larsen,%&%Hayes,%1984).%While%a%large%body%of%research%has%been%directed%
toward%documenting%this%variation%(Frankel,%1960c%Garden,%1961c%Henriksson,%
1980c%Hoaglund%&%Low,%1980c%Inman,%1947c%Isaac,%Vettivel,%Prasad,%Jeyaseelan,%
&%Chandi,%1997c%Pick,%Stack,%&%Anson,%1941c%Reikeras%&%Hoiseth,%1982c%
Reikeras,%Hoiseth,%Reigstad,%&%Fönstelien,%1982,%1983c%Sears,%1898),%debates%as%
to%the%functional%and%mechanical%significance%of%this%variation%are%ongoing.%
Specifically,%it%is%unclear%if%population%differences%in%adult%NSA%are%stimulated%by%
differences%in%activity%levels%between%groups%(Anderson%&%Trinkaus,%1998c%
Houston%&%Zaleski,%1967c%Humphry,%1889c%Trinkaus,%1993c%Walmsley,%1915)c%or,%if%
they%are%a%secondary%consequence%of%climatePinduced%body%proportions%(Gilligan,%
2010c%Gilligan,%Chandraphak,%&%Mahakkanukrauh,%2013c%Weaver,%2003).%This%
study%examines%the%proposed%relationship%between%NSA%and%relative%body%mass%
over%the%course%of%development%in%a%sample%of%geographically%diverse%immature%
remains%which%differ%in%body%form.%%
%
%
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BACKGROUND.
PostKnatal.declination.of.NSA.
NSA%changes%across%much%of%the%growth%period,%with%characteristically%
high%values%in%neonates,%ranging%between%140°P160°%at%birth.%NSA%declines%over%
the%course%of%development%in%response%to%changing%hip%joint%reaction%forces%
associated%with%shifting%weight%distribution%during%gait%development%(Ribble,%
Santare,%&%Miller,%2001c%Shefelbine%and%Carter,%2004c%Villemure%&%Stokes,%2009).%
With%normal%weightPbearing%activity,%adult%values%are%reached%during%early%
adolescence%and%generally%range%between%122°P136°%in%most%populations%(Hay,%
1996c%Miller%et%al.,%1993).%After%the%proximal%epiphysis%fuses%with%the%diaphysis,%
the%angle%becomes%“fixed,”%with%no%further%changes%observed%with%advancing%age%
(Bonneau,%Simonis,%Seringe,%&%Tardieu,%2012c%Humphry,%1889c%Toogood,%Skalak,%
&%Cooperman,%2009c%Unnanuntana,%Toogood,%Hart,%Cooperman,%&%Grant,%2010c%
although%see%Issac%et%al.,%1997c%Kingsley%&%Olmstead,%1948c%Nobel%et%al.,%1995c%
Reikeras%&%Hoiseth,%1982%for%an%alternative%view).%%
PostPnatal%declination%of%the%proximal%femur%is%dependent%on%the%
magnitude%and%orientation%of%shear%stresses%experienced%at%the%hip%during%
endochondral%growth.%This%mechanical%modulation%of%growth%has%been%discussed%
and%modeled%via%finite%element%analysis%(Carter%&%Beaupré,%200c%Carter%&%Orr,%
1992c%Carter%&%Wong,%1988c%Carter,%Orr,%Fyrie,%&%Schurman,%1987c%1991c%1998c%
Heegaard,%Beaupré,%&%Carter,1999c),%as%well%as%demonstrated%experimentally%
(Appleton,%1934c%Arkin%&%Katz,%1956c%Ryöppy%&%Karaharju,%1974).%In%accordance%
with%these%studies,%growth%of%the%proximal%physis,%or%growth%plate,%is%promoted%in%
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regions%under%intermittent%octahedral%shear%stress,%and%inhibited%in%areas%under%
intermittent%hydrostatic%compressive%stresses.%The%physis%will%deform%in%response%
to%changing%orientations%of%the%resultant%hip%joint%forces%it%experiences%during%
development%in%order%to%attain%a%state%of%low%shear%stress%(Carter%et%al.,%1987c%see%
Carter%&%Beaupré,%2001%for%a%detailed%review).%
The%changing%orientation%of%shear%stresses%experienced%across%the%
developing%physis%is%generated%by%altering%musculature%of%the%hip,%postural%
behaviors,%and%weightPbearing%forces%associated%with%the%acquisition%of%a%mature%
gait%pattern.%Before%a%child%begins%to%walk,%the%proximal%physeal%surface%is%flat%
and%growth%proceeds%in%the%middle%of%the%physis%due%to%the%relatively%equal%stress%
gradient%along%the%medioPlateral%axis%(Bobroff,%Chambers,%Sartorius,%Wyatt,%&%
Sutherland,%1999c%Fabry,%Cheng,%&%Molenaers,%1994c%Salter,%1966).%At%about%one%
year%of%age,%the%child%begins%to%walk%with%an%abducted%thigh%and%flexed%hip%and%
leg%(Cowgill,%Warrener,%Pontzer,%&%Ocobock,%2010c%Inman,%Ralston,%&%Todd,%
1981c%McGraw,%1940c%Okamoto%&%Okamoto,%2007).%This%places%relatively%greater%
shear%stresses%along%the%medial%physeal%surface%compared%to%the%lateral%surface,%
thereby%promoting%growth%within%the%medial%physis.%Consequently,%individuals%
within%this%age%range%exhibit%relatively%high%NSA.%Between%the%years%of%
approximately%two%and%six,%the%orientation%of%shear%stresses%within%the%developing%
physis%shifts%to%a%more%lateral%position%due%to%the%combined%activity%of%the%
abductors%and%the%acquisition%of%a%mature%gait%pattern,%thereby%stimulating%a%
decline%in%the%NSA%(Shefelbine%&%Carter,%2004).%By%around%eight%years%of%age,%the%
angulation%of%the%proximal%femur%has%declinated%to%approximately%125°,%and%little%
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to%no%further%declination%occurs%with%advancing%years,%since%relatively%low%shear%
stresses%are%experienced%in%both%medial%and%lateral%surfaces%in%this%orientation.%
The%declination%of%the%proximal%femur%has%an%important%biomechanical%role.%The%
NSA%works%to%optimize%lever%arm%lengths,%decrease%bending%moments%of%the%
neck,%and%inhibits%dislocation,%thereby%producing%a%more%stable%joint%(Brien,%Lane,%
&%Healey,%1995c%Duda,%Schneider,%&%Chao,%1997,%1998c%Hay,%1996c%Murray%&%
Rob,%2006c%Nordin%&%Frankel,%1980c%Trinkaus,%1993).%%
%
.Temporal.and.geographic.variation.in.NSA.
Given%its%developmental%plasticity%and%principle%role%in%the%transmission%of%
the%body’s%weight%through%the%hip,%NSA%is%frequently%used%to%investigate%
locomotor%and%postural%differences%among%and%within%modern%humans%and%earlier%
hominin%taxa.%Within%the%Holocene,%there%is%a%general%temporal%trend%of%
increasing%femoral%neck%inclination%associated%with%the%transition%from%hunter%
gathering%to%industrial%societies%(Larsen,%1995,%1997).%However,%there%is%
considerable%variation%in%NSA%among%modern%human%populations%(Backman,%
1957c%Frankel,%1960c%Garden,%1961c%Henriksson,%1980c%Hoaglund%&%Low,%1980c%
Inman,%1947c%Isaac%et%al.,%1997c%Pick%et%al.,%1941c%Reikeras%&%Hoiseth,%1982c%
Reikeras%et%al.,%1982,%1983c%Sears,%1898c%Walensky%&%O’Brien,%1968).%A%lower%
NSA%is%still%more%frequently%reported%among%more%mobile%populations%compared%
to%more%sedentary%populations,%suggesting%a%dependency%of%NSA%on%weightP
bearing%activities%during%development%(Anderson%&%Trinkaus,%1998c%Ruff,%
Trinkaus,%Walker,%&%Larsen,%1993c%Trinkaus,%1993,%1994).%The%mechanical%
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sensitivity%of%metaphyseal%modeling%to%changes%in%the%magnitude%and%orientation%
of%forces%in%the%hip%during%development%is%well%documented%(Arkin%&%Katz,%1956c%
Appleton,%1934c%Brien%et%al.,%1995c%Delp,%Komattu,%&%Wixson,%1994c%Duda%et%al.,%
1997,%1998c%Heller%et%al.,%2001c%Murray%&%Robb,%2006c%Salter,%1966c%Shefelbine%&%
Carter,%2004c%van%der%Meulen,%Ashford,%Kiratli,%Bachrach,%&%Carter,1996c%
Villemure%&%Stokes,%2009)%and%supported%by%the%absence%of%declination%observed%
in%nonPambulatory%or%reduced%mobility%individuals%(Bobroff%et%al.,%1999c%Brien%et%
al.,%1995c%Delp%et%al.,%1994c%Houston%&%Zaleski,%1967c%Laplaza,%Root,%
Tassanawipas,%&%Glasser,1993c%Maquet,%1999c%Ribble%et%al.,%2001c%Yamaguchi,%
1993).%%
Since%the%proximal%femur%is%influenced%by%pelvic%configurations%(Ruff,%
1995),%it%has%been%suggested%that%differences%in%pelvic%breadths%observed%in%
different%climatic%regions,%or%sexes,%might%place%different%bending%stresses%along%
the%femoral%neck,%thereby%resulting%in%differing%adult%NSA%(Hay,%1996c%Weaver,%
2003).%Within%populations,%females%tend%to%exhibit%relatively%lower%NSA%compared%
to%males%(Unnanuntana%et%al.,%2010),%however,%other%studies%have%reported%lower%
angles%for%males%compared%to%females%(Hay,%1996),%or%no%relationship%between%
NSA%and%sex%at%all%(Bonneau%et%al.,%2012c%Gilligan%et%al.,%2013c%Lee%et%al.,%2011c%
Reikeras%&%Hoiseth,%1982c%Toogood%et%al.,%2009).%Taken%together,%this%suggests%
that%the%magnitude%of%sexual%dimorphism%expressed%in%NSA%is%relatively%small%
and%inconsistent%(Anderson%&%Trinkaus,%1998c%Hay,%1996).%%
Recent%research%has%addressed%the%potential%influence%of%climate%on%
variation%in%NSA.%Many%studies%have%investigated%the%applicability%of%Bergmann’s%
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rule%(1847)%and%Allen’s%rule%(1877)%to%ecogeographic%variation%in%human%body%
proportions%(Auerbach,%2007,%2010,%2011,%2012c%Gilligan%&%Bulbeck,%2007c%
Hiernaux%&%Froment,%1976c%Holliday,%1997a,b,%1999,%2002c%Holliday%&%Ruff,%2001c%
Holliday%&%Trinkaus,%1991c%Leonard%&%Katzmarzyk,%2010c%Meiri%&%Dayon,%2003c%
Pearson,%2000c%Ruff,%1991,%1993,%1994,%2002c%Trinkaus,%1981c%Temple,%
Auerbach,%Nakatsukasa,%Sciulli,%&%Larsen,%2008c%Weinstein,%2005).%Human%
populations%from%high%latitudes%frequently%display%relatively%wide%bodies,%high%
body%masses%for%stature,%short%limbs%relative%to%trunk%length%and%foreshortened%
distal%extremities,%whereas%populations%from%low%latitudes%have%relatively%narrow%
bodies,%low%body%masses%for%stature,%long%limbs,%and%long%distal%limb%extremities.%
These%patterns%are%likely%produced%by%selection%for%minimized%surface%area%
relative%to%volume%for%heat%retention%in%cold%climates%and%maximized%surface%area%
relative%to%volume%for%heat%dispersal%in%warm%climates,%and%are%the%consequence%
of%the%combined%effects%of%neutral%microevolutionary%processes%(shared%genetic%
and%evolutionary%history)%and%selection%acting%on%thermoregulatory%efficacy%(Betti,%
2014c%Betti,%von%CramonPTaubadel,%&%Lycett,%2012,%2013c%Roseman%&%Auerbach,%
2015c%Savell,%Auerbach,%&%Roseman,%2016)."
Gilligan%(2010,%2012)%and%Gilligan%and%coworkers%(2013)%examined%the%
relationship%between%annual%and%seasonal%(summer%and%winter)%temperatures%
and%NSA%in%a%large%sample%(n%>8000)%of%modern%human%femora%from%over%80%
different%countries.%While%they%only%detected%a%modest%correlation%between%NSA%
and%the%economic%transition%between%agriculture%and%urbanism,%they%did%find%
higher%NSA%in%warmer%clines%and%lower%NSA%in%colder%ones,%and%this%climate%
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trend%was%found%within%continental%regions%as%well%as%at%the%global%level%(but%see%
Anderson%&%Trinkaus,%1998%for%an%alternative%view).%
Furthermore,%Weaver%(2003)%questioned%whether%the%lower%NSA%observed%
in%Neandertals,%when%compared%to%early%modern%humans,%might%be%a%direct%result%
of%higher%activity%levels,%or%the%secondary%consequence%of%differences%in%ecoP
geographic%body%proportions%between%these%groups.%Although%the%link%between%
NSA%and%activity%patterns%is%understood,%it%remains%unclear%whether%relatively%
wider%pelvis%breadth%and/or%relatively%higher%body%mass%influences%femoral%neck%
angulation%at%the%hip.%Weaver%(2003)%suggested%that%changes%in%“hip%geometry%
during%development%in%children%with%different%body%proportions%needs%to%be%
investigated%in%detail%to%test%this%hypothesis%rigorously”%(p.%6928),%and%is%the%
impetus%for%this%study.%
%
RESEARCH.OBJECTIVES.
Following%Weaver%(2003),%it%remains%possible%that%differences%in%body%
proportions%might%influence%the%angulation%of%the%femoral%neck%via%changes%to%hip%
geometry%or%the%distribution%of%body%mass%during%development.%This%study%tests%
this%hypothesis%by%examining%the%potential%influence%of%body%proportion%
(distribution%of%body%mass)%on%the%inclination%of%the%proximal%femur%in%a%large,%
geographically%diverse%sample%of%immature%Holocene%remains.%If%variation%in%the%
angulation%of%the%proximal%femur%results,%in%part,%as%a%secondary%consequence%of%
differences%in%ecogeographic%body%proportions,%then%a%reassessment%of%
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behavioral%reconstructions%from%this%skeletal%feature%(NSA)%is%required%among%
populations%and/or%species%that%vary%in%body%form.%%
This%study%examines%three%questions.%First,%do%populations%differ%in%body%
proportions%and%NSA%before%skeletal%maturity?%Second,%if%so,%when"do%population%
differences%emerge?%Given%the%large%body%of%research%that%report%geographic%and%
temporal%variation%in%both%NSA%and%ecogeographic%body%proportions%before%
skeletal%maturity,%we%expect%to%find%amongPgroup%differences%in%these%two%
features%at%an%early%age.%Here,%we%are%interested%in%whether%geographic%samples%
exhibit%a%similar%and%expected%pattern%of%decreasing%NSA%and%increasing%body%
mass%and%stature%across%the%developmental%span,%and%also%exhibit%consistency%in%
their%ordinal%rankings%in%NSA%and%body%proportions%across%the%developmental%
span.%Third,%what%is%the%pattern%of%relationship%between%body%proportions%and%
NSA%over%the%course%of%development?%If%the%declination%of%NSA%is%influenced,%in%
part,%by%ecogeographic%body%proportions,%then%we%should%observe%opposite%
ordinal%rankings%of%the%two%features%within%geographic%samples,%whereby%
geographic%samples%with%relatively%larger%bodies%have%relatively%lower%NSA,%and%
vice%versa.%Similarly,%if%there%is%a%functional%or%mechanical%link%between%NSA%and%
body%proportions,%we%should%expect%to%find%close%concomitance%between%the%two%
features%among%age%cohorts,%as%they%similarly%shift%in%response%to%changing%
mechanical%environments.%%
%
%
%
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MATERALS.
Data%were%collected%from%a%sample%of%445%immature%right%or%left%femora%
from%seven%geographic%Holocene%populations.%Individuals%in%the%sample%range%
from%birth%to%eighteen%years%of%age.%As%in%many%growth%studies,%sample%sizes%for%
certain%age%categories%are%small,%in%spite%of%the%large%and%robust%sample%size%
overall.%The%samples%were%selected%to%represent%a%diverse%range%of%geographic%
regions%and%subsistence%strategies.%Table%1%provides%sample%locations,%time%
periods,%general%subsistence%strategy,%and%sample%size%for%each%sample%used%in%
this%study%(see%Cowgill,%2008,%2010%for%a%detailed%review).%No%attempt%was%made%
toward%creating%sexPspecific%subPgroups%in%this%study,%given%that%sex%estimation%of%
immature%skeletal%remains%is%unreliable,%at%best,%and%the%effects%of%sexual%
dimorphism%on%NSA%are%equivocal%in%adults.%%
%
METHODS.
Age.estimation.
Age%was%unknown%for%all%samples%except%the%Luis%Lopes%sample.%For%
these%remaining%samples,%age%was%estimated%by%dental%development%whenever%
dental%and%long%bone%remains%were%reliably%associated.%For%these%individuals,%
crown%and%root%formation%were%evaluated%from%lateral%mandibular%radiographs,%
following%the%dental%development%standards%for%deciduous%dentition%(Liversidge%&%
Molenson,%2004)%or%permanent%dentition%(Smith,%1991).%.
For%individuals%with%no%associated%dental%and%postcranial%remains,%previously%
developed%samplePspecific%regression%formulae%were%used%to%predict%
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chronological%age%based%on%femoral%lengths%(see%Cowgill,%2008%for%a%detailed%
review).%The%use%of%samplePspecific%formulae%minimizes%the%potential%
confounding%effects%of%variation%in%body%size%and%proportion%among%samples%
before%skeletal%maturity.%While%age%estimates%based%on%either%dental%or%skeletal%
features%may%produce%minor%disparities%in%the%estimation%of%chronological%age,%
these%disparities%are%unlikely%to%bias%the%results%of%this%study%since%individuals%
were%subsequently%grouped%into%broader%age%categories%for%analyses%(see%
below).%%
Age.categories.
In%order%to%examine%when%ontogenetic%changes%in%NSA%and%relative%body%
proportions%emerge,%the%study%sample%was%divided%into%five%age%categories%that%
reflect%important%developmental%changes%in%the%angular%development%of%the%
femur.%The%youngest%age%category%(birth%to%0.9%years)%is%restricted%to%the%first%year%
of%life%to%facilitate%exploration%of%very%early%differences%in%NSA%between%
populations%prior%to%walking.%The%second%age%category%(1.0P2.9%years)%is%slightly%
broader,%and%permits%detection%of%changes%in%NSA%associated%with%the%acquisition%
of%independent%gait.%The%third%age%category%(3.0P5.9%years)%allows%examination%of%
changes%in%NSA%associated%with%the%acquisition%of%a%mature%gait%(McGraw,%1940c%
Norlin,%Odenrick,%&%Sandlund,%1981c%Okamoto%&%Okamoto,%2007c%Statham%&%
Murray,%1971c%Sutherland,%Olsen,%Cooper,%&%Woo,%1980,%1988).%The%fourth%age%
category%(6.0P11.9%years)%allows%detection%of%changes%in%NSA%experienced%until%
near%the%time%of%puberty,%when%growth%velocity%is%relatively%slow.%The%fifth%age%
category%(12.0P17.9%years)%is%bounded%to%reveal%changes%in%NSA%associated%with%
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puberty%and%thereafter,%reflecting%a%relatively%rapid%increase%in%growth%velocity%at%
this%age.%%
Lower.limb.measurements.
. Given%the%relatively%low%levels%of%asymmetry%reported%in%the%lower%limb%
(Anderson%&%Trinkaus,%1998c%Auerbach%&%Ruff,%2006c%Isaac%et%al.,%1997c%Reikera%
et%al.,%1982c%Unnanutana%et%al.,%2010),%data%were%collected%from%either%the%right%or%
left%femur%and%tibia%for%each%individual.%Dimensions%measured%were%femoral%neckP
shaft%angle%(NSA),%distal%femoral%metaphyseal%breadth%(FMB),%femoral%head%
diameter%(FHD),%maximum%femoral%length%(MFL),%and%maximum%tibial%length%
(MTL).%NSA%was%measured%using%a%protractor%and%recorded%to%the%nearest%
degree.%FMB%and%FHD%were%measured%using%calipers%and%recorded%to%the%
nearest%millimeter.%MFL%and%MTL%were%recorded%using%an%osteometric%board%and%
recorded%to%the%nearest%millimeter.%Table%2%presents%each%dimension%and%its%
mechanical%relevance%to%the%study.%
!
Neck&shaft!angle.!NSA%is%a%measure%of%the%medial%inclination%of%the%
femoral%head%and%neck.%In%individuals%that%had%partial%or%complete%fusion%of%the%
proximal%epiphysis,%NSA%was%measured,%as%it%is%in%adults,%as%the%intersection%
between%the%cervical%axis%of%the%femoral%head%and%neck%and%the%longitudinal%axis%
of%the%femoral%diaphysis%(Fig.%1a).%In%younger%remains%with%unfused%epiphyses,%
the%axis%of%the%head%and%neck%was%approximated%by%the%center%of%the%proximal%
metaphyseal%surface%and%neck%(Fig.%1b),%and%the%angle%was%measured%as%the%
intersection%of%this%axis%and%the%longitudinal%axis%of%the%femur%on%the%anterior%
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surface%of%the%femur.%The%assessment%of%this%dimension%on%the%anterior%surface%of%
the%femur%eliminates%any%potentially%confounding%effects%due%to%variation%in%the%
antetorsion%angle%of%the%proximal%femur,%and%therefore%no%correction%factors%for%
this%dimension%were%necessary%(Anderson%&%Trinkaus,%1998c%Gilligan,%2010).%
Every%attempt%was%made%to%ensure%that%angular%measurements%collected%from%
immature%remains%were%comparable%to%those%collected%from%individuals%with%
epiphyseal%union.%While%this%measurement%differs%slightly%in%method%from%those%
obtained%from%more%mature%individuals,%it%is%unlikely%that%this%difference%
significantly%biased%the%results%of%this%study%since%the%angulation%and%orientation%
of%the%proximal%femur%occurs%in%the%region%of%the%developing%metaphysisc%not%the%
head%or%the%neck%(Arnold%&%Delp,%2001c%Bonneau%et%al.,%2012c%Dunlap,%Shands,%
Hollister,%Stuart,%&%Streit,%1953c%Lundy,%Ganey,%Ogden,%&%Guidera,%1998).%%
NSA%intraobserver%error%was%assessed%using%a%subset%of%10%immature%
femora%ranging%in%age%from%3%months%to%16%years,%which%were%measured%by%one%
of%us%(LWC)%twice%on%two%consecutive%days.%Differences%between%the%first%and%
second%measurements%ranged%between%3%and%8%degrees.%The%BlandPAltman%
method%for%repeated%measures%(Bland%&%Altman,%1999,%2010)%was%used%to%
evaluate%agreement%between%the%repeated%measurements%(Bland%&%Altman,%
2010).%The%BlandPAltman%plot%of%absolute%mean%differences%between%NSA%
measurements%produced%a%mean%difference%and%standard%deviation%of%P0.3º%±%
4.572º%with%limits%of%agreement%between%P8.96º%and%8.66º%(!=P0.027c%p=0.838),%
with%a%coefficient%of%repeatability%of%±%9.143º.%These%results%indicate%that%the%mean%
difference%between%repeated%measurements%did%not%significantly%differ%from%zero,%
! 17!
that%the%estimated%bias%between%the%repeated%measurements%is%low,%and%there%is%
no%systemic%or%proportional%bias%between%the%repeated%measurements%
(Loughman,%2010c%Vaz%et%al.,%2013).%%
!
Body!mass!estimation!and!relative!body!mass.!Covariation%of%NSA%
with%body%proportions%may%be%related%to%differences%in%pelvic%breath%or%the%
distribution%of%body%mass,%as%Weaver%(2003)%has%suggested.%Previous%studies%
indicate%that%a%primary%determinant%of%variation%in%body%mass%is%biPiliac%breadth%
(Ruff,%2007).%However,%this%measurement%is%not%possible%to%obtain%in%immature%
remains%with%unfused%os%coxae,%where%reconstructing%biPiliac%breath%is%likely%to%be%
arbitrary%at%best.%Furthermore,%most%of%the%variation%in%body%mass%prior%to%maturity%
is%related%to%age.%Due%to%these%issues,%it%was%therefore%necessary%to%calculate%
some%mechanically%relevant%measure%of%body%mass%relative%to%body%height,%or%
stature,%in%order%to%obtain%an%approximation%of%general%body%shape%in%children.%To%
this%end,%a%new%variable,%relative%body%mass%(RBM),%was%calculated%for%each%
individual.%%
Following%Ruff%(2007),%body%mass%was%first%estimated%using%agePspecific%
regression%formulae%based%on%articular%breadth%dimensions.%AgePspecific%
regression%formulae%were%employed%since%articular%breadth%proportions%relative%to%
body%mass%change%throughout%growth.%Although%any%estimate%of%body%mass%will%
have%a%degree%of%error%associated%with%the%estimate,%this%is%an%inherent%artifact%in%
all%analyses%that%wish%to%estimate%body%mass%from%skeletal%dimensions.%In%
acknowledgement%of%this%fact,%the%articular%dimension%with%the%lowest%associated%
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percent%standard%error%was%preferentially%selected%for%use%in%each%agePspecific%
prediction%formula.%%
Both%distal%femoral%metaphyseal%breadth%(FMB)%and%proximal%femoral%
epiphyseal%head%diameter%(FHD)%have%been%shown%to%provide%reasonable%and%
reliable%estimates%of%body%mass%in%immature%remains%(Ruff,%2007).%Distal%
metaphyseal%breadth%was%used%to%predict%body%mass%in%all%individuals%from%birth%
to%13.5%years.%Although%the%proximal%femoral%epiphysis%has%slightly%smaller%
associated%errors,%biases%in%preservation%and%recovery%of%an%unfused%epiphysis%
make%this%feature%of%little%use%prior%to%skeletal%maturity%(Ruff,%2007).%Therefore,%
distal%metaphyseal%breadth%was%used%to%predict%body%mass%in%individuals%prior%to%
13.5%years%of%age.%For%individuals%older%than%13.5%years,%and%for%whom%proximal%
epiphyses%were%measureable,%proximal%femoral%head%diameter%was%used%to%
predict%body%mass%since%estimates%based%on%this%feature%provides%smaller%errors%
than%those%based%on%distal%metaphyseal%breadths.%For%individuals%in%whom%
neither%distal%nor%proximal%dimensions%were%available,%body%mass%was%predicted%
using%previously%developed%formulae%based%on%correlations%with%proximal%tibial%
metaphyseal%dimensions%or%proximal%femoral%metaphyseal%dimensions,%
respectively%(see%Cowgill,%2008%for%a%detailed%review).%%
Relative%body%mass%(RBM)%was%then%calculated%as%the%estimated%body%
mass%divided%by%the%sum%of%maximum%femoral%and%tibial%lengths.%The%RBM%index%
provides%information%regarding%the%distribution%of%body%mass%relative%to%limb%
length,%and%serves%as%a%proxy%for%body%proportions%in%immature%remains.%Long%
bone%lengths%were%used%here,%rather%than%stature,%since%this%eliminates%the%
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additional%step%of%stature%estimation,%which%might%introduce%an%additional%source%
of%error.%A%summation%of%lower%limb%long%bone%lengths%was%chosen%over%either%
singular%length,%since%use%of%both%elements%has%been%shown%to%provide%better%
approximations%of%stature%than%either%element%alone%(Ruff,%2007).%%
The%use%of%RBM%as%a%proxy%for%body%proportions%in%immature%remains%is%a%
novel%approach,%and%the%validity%of%such%application%has%yet%to%be%tested.%To%this%
end,%the%magnitude%of%agreement%between%RBM%and%biPiliac%breadth/limb%length%
in%adults%was%subsequently%evaluated%using%the%BlandPAltman%method%for%
assessment%of%agreement%between%two%different%methods%(Bland%&%Altman,%1999,%
2010)%using%a%reference%sample%of%119%adult%skeletal%remains%from%four%distinct%
skeletal%samples.%According%to%the%BlandPAltman%method,%two%methods%are%
comparable,%and%thereby%interchangeable,%when%the%mean%paired%difference%is%
near%zero%(indicating%equality),%there%are%few%outliers,%and%the%limits%of%agreement%
are%sufficiently%narrow.%The%resultant%logePloge%BlandPAltman%plot%of%absolute%
mean%differences%of%RBM%and%biPiliac/limb%length%measurements%produced%a%
mean%difference%and%standard%deviation%of%1.4316%±%0.11481%with%limits%of%
agreement%between%1.2065%and%1.6566.%Linear%regression%was%used%to%test%the%
null%hypothesis%that%the%mean%differences%between%the%two%methods%did%not%
significantly%differ%from%zero.%The%mean%differences%between%these%two%methods%
did%not%significantly%differ%from%zero%(!=0.007c%p=0.964),%there%are%very%few%
outliers,%and%the%limits%of%agreement%are%sufficiently%narrow,%providing%support%for%
the%approximation%of%body%proportions%using%RNM%in%immature%remains.%%
.
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Age.standardization.of.NSA.and.RBM.
. Both%NSA%and%RBM%are%strongly%correlated%with%an%individual’s%age%
(p<0.001),%as%both%change%over%the%course%of%development.%It%was%first%necessary%
to%remove%the%confounding%effects%of%age%on%both%NSA%and%RBM%in%order%to%
examine%the%relationship%between%these%variables,%in%order%to%avoid%the%variation%
related%to%age%confounding%any%signal%related%to%NSA%or%RBM.%Without%first%
removing%the%effects%of%age,%differing%age%distributions%among%geographic%
samples%might%obscure%or%conflate%the%potential%relationship%between%the%
variables%of%NSA%and%RBM.%%
To%this%end,%NSA%and%RBM%were%corrected%for%age%by%regressing%each%
variable%on%age%before%statistical%analyses%were%performed."Bivariate%scatterplots%
of%both%NSA%and%RBM%on%age%were%assessed%to%evaluate%the%most%appropriate%
order%of%regression%analysis.%NSA%and%RBM%were%regressed%on%age%using%cubic%
and%quadratic%Ordinary%Least%Squares%(OLS)%formulae,%respectively,%and%residual%
plots%were%inspected,%thereafter,%for%goodness%of%fit%of%the%models.%Other%forms%of%
line%fitting%techniques%have%been%advocated%over%OLS%when%the%independent%(x)%
variable%is%measured%with%error,%which%is%most%certainly%the%case%in%this%study.%
However%other%methods%of%line%fitting%assume%specific%patterns%of%error%variance%
between%the%variables%(i.e.%error%variances%are%either%equal%or%proportional%to%the%
ratio%of%the%total%sample%variances),%which%is%likely%not%appropriate%in%this%case,%
either,%such%that%error%variances%in%body%mass%estimates%are%most%certainly%
expected%to%be%greater%than%those%associated%with%a%femoral%dimension%(Pagel%&%
Harvey,%1989).%The%choice%of%line%fitting%was%based%on%the%OLS%assumption%of%
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asymmetry%in%the%variable%relationship,%where%the%variables%assigned%to%x%and%y%
axes%are%not%interchangeable%(Smith,%2009).%The%resulting%agePstandardized%
residuals,%which%remove%the%confounding%effects%of%age%(see%Cowgill,%2008,%2010%
for%a%detailed%review)%were%used%in%all%further%analyses.%% %
.
Statistical.analyses..
. Initially,%both%raw%and%agePstandardized%residuals%of%NSA%and%RBM%were%
assessed%for%violations%of%the%assumptions%for%parametric%testing%through%
descriptive%(mean,%median,%kurtosis,%skewedness),%graphical%(scatterplots,%
histograms,%QPQ%plots,%PPP%plots),%and%diagnostic%(DurbinPWatson,%Cook’s%
distance)%procedures.%The%distributions%did%not%depart%significantly%from%normal%
distributions,%and%therefore%parametric%tests%were%chosen%for%analyses%of%the%ageP
standardized%variables.%Although%outliers%were%noted,%all%values%were%checked%for%
errors%and%determined%to%be%within%normal%physiological%limits.%Outlying%values%
with%a%Cook’s%distance%of%greater%than%one%were%eliminated%from%the%data%set.%
In%order%to%examine%whether%populations%differ%in%NSA%and%RBM%before%
skeletal%maturity,%onePway%Analysis%of%Variance%(ANOVA)%were%used%to%examine%
differences%in%agePstandardized%residuals%of%both%NSA%and%RBM%for%each%
geographic%sample.%Tukey’s%tests%were%subsequently%employed%for%postPhoc"
comparisons%to%determine%which%samples%significantly%differed%from%one%another.%
In%order%to%examine%when%potential%differences%emerged,%samples%were%divided%
into%nominal%age%categories%and%ANOVA%with%Tukey’s%post%hoc%comparisons%
were%employed%to%examine%geographic%sample%differences%in%agePstandardized%
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NSA%and%RBM%across%each%age%category.%The%above%comparisons%allow%us%to%
examine%the%pattern%of%variation%in%NSA%and%RBM%among%geographic%samples%
and%age%cohorts,%respectively.%In%order%to%evaluate%the%potential%pattern%of%
relationship%between%NSA%and%RBM%among%geographic%samples%and%among%age%
groups,%Pearson’s%correlation%coefficients%and%OLS%regression%analyses%were%
employed%to%evaluate%the%relationship%between%agePstandardized%residuals%of%
NSA%and%RBM%for%each%sample%as%a%whole,%and%across%each%age%category.%All%
alpha%levels%were%set%at%0.05.%SPSS%version%22.0%was%used%to%perform%all%
statistical%analyses%in%this%study.% %
%%
RESULTS.
Do.populations.differ.in.NSA.and.RBM.before.skeletal.maturity?..
Sample%sizes%and%descriptive%statistics%for%raw%(unstandardized)%NSA%and%RBM%
are%listed%in%Tables%3%and%4,%respectively.%Raw%data%were%not%used%in%the%
analyses,%and%are%presented%here%for%descriptive%and%comparative%purposes.%
Figures%2%and%3%present%boxplot%distributions%of%agePstandardized%residuals%of%
NSA%and%RBM,%respectively,%for%each%sample%across%the%developmental%span.%
Examination%of%the%descriptive%statistics%reveal%a%developmental%trend%of%
decreasing%NSA%and%increasing%RBM%among%the%samples%in%this%study.%OnePway%
ANOVA%tests%reveal%significant%differences%in%both%agePstandardized%residuals%of%
NSA%(p=0.002)%and%RBM%(p<0.001)%among%geographic%samples.%The%California%
Amerindian%sample%had%the%lowest%NSA,%and%this%significantly%differed%from%the%
relatively%higher%NSA%observed%in%the%Dart%and%Indian%Knoll%samples%(p≤0.02).%No%
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other%sample%differences%in%agePstandardized%residuals%of%NSA%were%significant.%
In%comparing%agePstandardized%RBM%among%samples,%the%Luis%Lopes,%Point%
Hope,%California%Amerindian,%and%Mistihalj%samples%had%significantly%greater%RBM%
(p≤0.048)%compared%to%the%remaining%samples%(Table%5).%%
.
When.do.population.differences.in.NSA.and.RBM.emerge?%.
Birth!to!0.9!years.!Results%from%onePway%ANOVA%tests%reveal%no%
significant%sample%differences%in%ageP%standardized%residuals%of%NSA%within%the%
first%year%of%life%(p=0.108).%A%significant%sample%difference%in%agePstandardized%
RBM%is%detectable%within%the%first%year%of%life%(p=0.019).%PostPhoc%comparison%
tests%reveal%that%the%Luis%Lopes%sample%has%significantly%greater%RBM%than%the%
Kulubnarti%sample%(p=0.038).%No%other%significant%differences%were%observed%
(p≥0.109)%(Table%5).%%
!
1&2.9!years.%There%is%a%significant%difference%(p=0.002)%in%ageP
standardized%NSA%across%the%geographic%samples,%associated%with%the%time%at%
which%independent%walking%is%initiated.%The%Mistihalj,%Luis%Lopes,%and%California%
Amerindian%samples%have%among%the%lowest%NSA,%and%these%significantly%differ%
from%the%relatively%high%NSA%of%the%Dart%sample%(p≤0.028).%No%significant%
differences%were%observed%in%RBM%among%geographic%samples%(p=0.692)%(Table%
5).%%
!
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3&5.9!years.%No%significant%differences%in%agePstandardized%NSA%were%
observed%among%geographic%samples%(p=0.097)%at%the%time%in%which%a%mature%
gait%is%established.%Sample%differences%in%agePstandardized%RBM%are%apparent%
(p=0.013),%however.%The%California%Amerindian%and%Luis%Lopes%samples%exhibit%
the%greatest%RBM,%and%these%samples%significantly%differ%from%the%relatively%low%
agePstandardized%RBM%of%the%Indian%Knoll%sample%(p≤0.041)%(Table%5).%
!
6&11.9!years.%AgePstandardized%NSA%significantly%differs%among%samples%
between%6P11.9%years%of%age%(p=0.006).%The%California%Amerindian%sample%had%
the%lowest%NSA,%which%significantly%differed%from%the%Indian%Knoll%sample,%which%
had%the%highest%NSA%(p=0.048).%No%other%geographic%differences%in%ageP
standardized%NSA%were%significant.%AgePstandardized%RBM%did%not%significantly%
differ%among%any%sample%within%this%age%category%(p=0.176)%(Table%5).%
!
12&17.9!years.%No%significant%differences%in%agePstandardized%NSA%were%
observed%between%geographic%samples%(p=0.350)%in%this%age%category.%AgeP
standardized%RBM%significantly%differed%between%geographic%samples%(p<0.001).%
PostPhoc%comparisons%show%that%the%Luis%Lopes,%Mistihalj,%Point%Hope%and%
California%Amerindian%samples%have%significantly%larger%RBM%compared%to%the%
Dart,%Indian%Knoll,%and%Kulubnarti%samples%(p≤0.044)%at%this%age%(Table%5).%%
.
.
.
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What.is.the.pattern.of.relationship.between.NSA.and.RBM?.
No%significant%relationship%was%found%between%agePstandardized"residuals%
of%NSA%and%RBM%(r=P0.056c%r2=0.003c%p=0.244c%n=445),%samples%pooled%(Fig.%4).%
When%the%study%sample%was%divided%by%geographic%sample%and%by%age%category,%
no%significant%relationship%was%observed%in%any%geographic%sample%(p≥0.123),%or%
any%age%category%(p≥0.108).%Table%6%shows%the%ordinal%rankings%of%geographic%
samples%by%their%agePstandardized%residual%means%for%NSA%and%RBM,%across%all%
age%categories.%%%%%%%%%%%%%%%%
%
DISCUSSION.
Pattern.of.variation.in.NSA.and.RBM.
Results%indicate%that%populations%significantly%differ%in%both%ageP
standardized%NSA%and%RBM%before%skeletal%maturity%and%that%these%differences%
are%established%early%in%life.%Our%results%reveal%two%noteworthy%trends%regarding%
the%pattern%of%variation%in%NSA%and%RBM%both%within%and%among%samples.%%
First,%as%expected,%there%is%a%consistent%trend%of%decreasing%NSA%and%
increasing%RBM%across%the%developmental%span,%and%this%pattern%is%experienced%
similarly%within%all%geographic%samples.%The%negative%agePtrend%observed%in%NSA%
follows%the%expected%pattern%related%to%the%shifting%shear%stresses%experienced%
across%the%physeal%surface%associated%with%gait%acquisition%during%development.%
Within%each%geographic%sample,%NSA%is%relatively%high%within%the%early%years%of%
life%(birth%to%2.9%years),%during%which%time%independent%walking%is%initiated.%
Thereafter,%there%is%a%marked%decrease%in%NSA%at%and%around%the%time%that%a%
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mature%gait%is%established%(3P5.9%years),%with%little%further%declination%with%
advancing%years.%This%consistent%withinPgroup%trend%of%decreasing%NSA%is%not%
surprising,%given%the%remarkable%consistency%of%developmental%timing%in%the%
declination%of%NSA%reported%among%ambulatory%children%in%clinical%and%
orthopaedic%studies%(Backman,%1957c%Billings,%1954c%Fabry%et%al.,%1994c%Garden,%
1961c%Hoaglund%&%Low,%1980c%Humphry,%1889c%Miller%et%al.,%1993c%Nordin%&%
Frankel,%1980c%Pick%et%al.,%1941c%Ribble%et%al.,%2001c%Reikeras%et%al.,%1982,%1983c%
Sears,%1898c%Shefelbine%&%Carter,%2004c%Toogood%et%al.,%2009).%%
RBM%shows%a%similar,%but%opposite%(positive)%agePtrend%of%increasing%RBM%across%
the%developmental%span,%and%follows%the%expected%pattern%related%to%the%
concomitant%increase%in%both%body%mass%and%limb%length%with%advancing%age.%%
Second,%patterns%of%variation%in%NSA%and%RBM%are%dissimilar%among"both%
geographic%samples%and%age%categories.%There%is%little%consistency%in%the%ordinal%
ranking%of%NSA%among%geographic%samples%(Table%6).%That%is,%populations%that%
exhibit%relatively%high%NSA%in%one%age%category%do%not%necessarily%retain%their%
relatively%high%NSA%in%successive%age%categories.%For%instance,%the%Luis%Lopes%
sample%exhibits%the%highest%NSA%from%birth%to%0.9%years,%the%lowest%NSA%in%the%
next%age%category%(1P2.9%years),%and%then%among%the%highest%in%the%3P5.9%age%
category.%These%results%suggest%that%while%populations%differ%with%regard%to%NSA%
across%ontogeny,%these%differences%reflect%differing%mechanical%loadings%
experienced%during%early%gait%acquisition%and%maturation,%and%that%the%degree%of%
declination%of%NSA%is%likely%similar%among%individuals%with%similar%gait%and%
ambulatory%patterns.%%
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In%contrast%to%NSA,%ordinal%rankings%(Table%6)%of%RBM%reveal%a%remarkably%
consistent%patterning%among%geographic%samples%across%the%developmental%
span,%whereby%geographic%samples%with%relatively%larger%body%proportions%in%
youth%retain%their%relatively%larger%body%proportions%in%later%years.%In%all%five%age%
categories,%the%Luis%Lopes,%Mistihalj,%California%Amerindian,%and%Point%Hope%
individuals%consistently%rank%higher%in%RBM%than%the%Dart,%Indian%Knoll,%and%
Kulubnarti%samples.%This%suggests%that%RBM%remains%relatively%consistent%across%
ontogeny,%likely%reflecting%developmental%constraints%and%neutral%and%selective%
evolutionary%processes%rather%than%intrinsic%and%extrinsic%factors%pertaining%to%the%
mechanical%environment.%%
.
Developmental.timing.of.group.differences.in.NSA.and.RBM.
There%is%considerable%variation%in%agePstandardized%NSA%among%
geographic%samples%within%the%early%years%of%life%up%until%the%time%that%a%mature%
gait%is%established%(3P5.9%years).%Thereafter,%there%is%little%variation%among%
geographic%samples,%and%this%pattern%is%consistent%with%studies%on%the%
developmental%declination%of%NSA.%Although%amongPgroup%differences%in%ageP
standardized%NSA%were%significant%in%only%two%of%the%five%age%categories%(1P2.9%
and%6P11.9%years),%examination%of%the%sample%distributions%(Fig.%2)%across%the%age%
categories%suggest%that%small%withinPage%category%sample%sizes%likely%explain%the%
lack%of%significance%in%the%youngest%age%category%(birth%to%0.9%years),%but%are%less%
likely%the%case%in%the%latter%two%nonPsignificant%age%categories%(3P5.9%and%12P17.9%
years).%That%is,%while%no%significance%was%reached%in%these%three%age%categories,%
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a%large%degree%of%geographic%variation%is%evident%in%the%first%age%category%while%
variation%is%markedly%reduced%in%the%latter%two%categories,%despite%having%larger%
sample%sizes.%%
The%lack%of%variation%in%NSA%among%the%immature%geographic%samples%in%
later%years%might%seem%contradictory%to%the%vast%range%of%variation%commonly%
reported%in%adult%NSA%in%other%studies%(Garden,%1961c%Hoaglund%&%Low,%1980c%
Humphry,%1889c%Inman,%1947c%Parsons,%1914,%1915c%Reikeras%&%Hoiseth,%1982,%
Reikeras%et%al.,%1982,%1983).%On%the%contrary,%while%NSA%varies%greatly%among%
human%populations,%and%mammalian%taxa%as%a%whole,%withinPgroup%variation%is%
reported%to%be%relatively%greater%than%amongPgroup%variation%(Gilligan,%2010c%
Gilligan%et%al.,%2013c%Wilson%&%Geiger,%2015)%and%likely%reflects%intraPpopulational%
(or%intraspecific)%differences%in%activity%and%postural%behaviors%that%vary%widely%
between%individuals.%%
There%is%considerable%variation%in%agePstandardized%RBM%among%
geographic%samples.%Significant%amongPgroup%differences%were%detectable%in%
three%of%the%five%age%categories:%birthP0.9,%3P5.9,%and%12P17.9%years.%The%lack%of%
significant%differences%in%RBM%across%two%of%the%age%categories%(1P2.9%and%6P11.9%
years)%might%seem%erroneous,%given%the%substantial%body%of%evidence%that%body%
proportions%do"vary"significantly%throughout%development%(Buschang,%1982c%
Cowgill,%Eleazer,%Auerbach,%Temple,%&%Okazaki,%2012c%Feldesman,%1992c%
Hansman,%1970c%Jungers,%Cole,%&%Owsley,%1988c%Maresh,%1959c%Ruff%&%Walker,%
1993c%Ruff,%2007).%Our%results,%however,%likely%reflect%sample%size%bias%among%
these%age%categories.%%
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Pattern.of.relationship.between.NSA.and.RBM.
Since%the%proximal%femur%is%influenced%by%pelvic%configurations%(Ruff,%
1995),%it%has%been%hypothesized%that%populations%from%differing%climatic%regions%
might%place%different%bending%stresses%along%the%femoral%neck,%thereby%resulting%
in%differing%adult%NSA%(Hay,%1996c%Weaver,%2003).%Our%results,%however,%do%not%
support%this%hypothesis.%No%significant%relationship%was%found%between%ageP
standardized%NSA%and%RBM%during%development,%for%any%sample%(p≥0.124),%or%
any%age%category%(p≥0.108)%(Fig.%4).%While%it%is%clear%that%RBM%increases%and%
NSA%decreases%with%advancing%age,%once%the%effects%of%age%are%controlled%by%
examination%of%agePstandardized%residuals,%no%significant%relationship%exists%
between%NSA%and%RBM.%%
Comparison%of%the%ordinal%rankings%of%geographic%samples%across%
ontogeny%reveals%that%populations%with%relatively%larger%body%proportions%do%not%
necessarily%have%lower%NSA,%or%vice%versa%(Table%11).%For%example,%we%would%
predict%that%the%Kulubnarti%sample,%which%had%the%lowest%RBM%within%the%first%year%
of%life,%to%have%had%among%the%highest%NSA%in%this%study.%However,%the%Kulubnarti%
have%the%lowest%NSA%at%this%age.%Similarly,%the%Luis%Lopes%sample%has%a%
significantly%larger%RBM%compared%to%the%Kulubnarti%at%this%age,%but%does%not%
significantly%differ%in%NSA%from%this%sample.%If%changes%in%body%proportions%
influence%the%declination%of%NSA,%then%we%would%have%expected%to%observe%
greater%concomitance%between%these%two%features%along%the%developmental%
span.%This%suggests%that%regardless%of%differences%in%body%proportions%between%
populations,%the%degree%of%declination%of%the%NSA%is%presumably%similar%among%
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individuals%with%similar%gait%and%ambulatory%behaviors.%Support%for%this%finding%
may%be%found%in%the%observance%of%relatively%higher%NSA%observed%among%
suspensory%anthropoids%and%other%mammals,%such%as%hystricomorphs%and%sloths,%
compared%to%generalized%quadrupeds.%The%higher%NSA%observed%within%these%
locomotor%groups%are%presumed%to%enhance%hip%abduction%in%the%performance%of%
their%locomotor%and%postural%behaviors,%despite%a%wide%range%of%body%proportions%
observed%among%these%taxa%(Almécija%et%al.,%2013c%Fleagle,%1976c%Fleagle%&%
Meldrum,%1988c%Hammond,%2014c%Harrison,%1986c%Jenkins%&%Camazine,%1977c%
MacLatchy,%Gebo,%Kityo,%&%Pilbeam,%2000c%Rose,%1983c%Turvey,%Grady,%&%Rye,%
2006c%Walker,%1974c%Ward,%Walker,%Teaford,%&%Odhiambo,%1993c%White,%1993c%
Wilson%&%Geiger,%2015).%Taken%as%a%whole,%results%suggest%that%while%both%NSA%
and%RBM%change%over%the%course%of%ontogeny,%changes%in%RBM%during%
development%do%not%directly%drive%changes%in%the%declination%of%NSA,%and%suggest%
that%these%two%measures%are%responsive%to%differing%stimuli,%such%as%nutrition,%
activity%levels,%hormones,%or%ecogeographic%principles.%Given%the%scarcity%of%
immature%skeletal%collections,%it%is%possible%that%the%seven%samples%used%here,%
which%span%tropical%and%arctic%climates,%do%not%represent%sufficient%geographic%
variation%to%detect%any%potential%relationship.%Previous%studies%using%these%same%
samples%(Cowgill%et%al.,%2012c%Cowgill,%2008,%2010),%however,%have%detected%
marked%climatic%variation,%so%this%seems%unlikely.%
% %
%
%
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CONCLUSIONS.
We%examined%the%pattern%of%relationship%between%NSA%and%RBM%over%the%
course%of%ontogeny%in%a%geographically%diverse%sample%of%immature%Holocene%
remains.%Analytical%results%indicate%that%populations%differ%with%regard%to%NSA%and%
RBM%before%skeletal%maturity,%and%that%these%differences%are%detectable%at%or%
before%the%first%year%of%life.%NSA%differs%among%populations%throughout%the%
developmental%landmarks%of%independent%walking%and%mature%gait%acquisition.%
Thereafter,%the%angle%is%“fixed”,%reaching%adult%values%with%little%further%declination%
in%advancing%years.%While%population%differences%in%agePstandardized%NSA%were%
detectable%in%some%samples%and%in%some%age%categories,%the%relative%ranking%
among%samples%was%highly%variable.%This%suggests%that%regardless%of%differences%
in%body%proportions%between%populations,%the%degree%of%declination%of%the%NSA%is%
presumably%similar%among%individuals%with%similar%gait%and%ambulatory%behaviors.%
Conversely,%population%differences%in%RBM%differ%significantly%from%birth%and%
these%differences%remain%consistent%throughout%the%developmental%years,%
suggesting%that%RBM%is%strongly%dictated%by%ecogeographic%principles.%%
While%both%NSA%and%RBM%change%along%the%course%of%development,%no%
statistical%relationship%between%agePstandardized%NSA%and%RBM%was%found.%
Individuals%that%exhibit%relatively%greater%RBM%do%not%necessarily%exhibit%lower%
NSA.%While%caution%is%warranted%in%drawing%specific%sampleP%and%agePrelated%
inferences%due%to%relatively%small%sample%sizes%when%the%study%sample%is%
subdivided%into%these%subgroups,%the%overall%pooled%study%sample%is%robust%
(n=445).%Changes%in%RBM%during%development%do%not%directly%drive%changes%in%
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declination%of%NSA,%and%it%is%likely%that%these%two%measures%are%responsive%to%
differing%stimuli,%such%as%nutrition,%activity%levels,%hormones,%or%ecogeographic%
variables.%Any%potential%relationship%between%NSA%and%RBM%is%likely%more%
complex%and%multifactorial,%reflecting%the%combined%effects%of%body%size,%
musculature,%and%activity%level.%A%large%sample%of%immature%remains%with%known%
body%mass%and%body%proportions%is%required%to%further%test%this%relationship.%
%
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FIGURES.
.
Fig..1.%%Measurement%of%femoral%neckPshaft%angle%(NSA)%in%(a)%individuals%with%a%
fused%proximal%epiphysis%(NSA%is%127°)c%and%in%(b)%individuals%with%an%unfused%
proximal%epiphysis%(NSA%is%130°).%%%
.
.
.
.
.
.
!!
Fig.%2.!!Boxplot!distributions!of!age3standardized!residuals!of!neck3shaft!angle!(Std.!Resid.!NSA)!for!each!sample!in!this!
study,!across!all!age!categories.!
%
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Fig.%3.!!Boxplot!distributions!of!age3standardized!residuals!of!relative!body!mass!(Std.!Resid.!RBM)!for!each!sample!in!
this!study,!across!all!age!categories.
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Fig.!4."Age&standardized"residuals"of"neck&shaft"angle"(Std."Resid."NSA)"on"age&
standardized"residuals"of"relative"body"mass"(Std."Resid."RBM),"ages"and"
samples"pooled"(n=445F"r2=0.003F"p=0.244)."
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TABLES!
Sample Location Approx.1Time1Period Subsistence1 Sample1Size
Kulubnarti Upper1Nubia Medieval1 Agriculturalists 90
Luis1Lopes Lisbon,1Portugal 20th1century Urban1 44
Dart Johannesburg,1South1Africa 20th1century Mixed1urban1and1rural 65
Indian1Knoll Green1River,1Kentucky 4143Q64151BP SemiQsedentary1foragers 88
California1Amerindian Northern1California 500Q46001BP SemiQsedentary1foragers 68
Mistihalj BosniaQHerzegovina Medieval1(15th1century) Nomadic1pastoralists 43
Point1Hope Point1Hope,1Alaska 300Q21001BP Arctic1foragers 47
Total1=1445
TABLE&1.&&Sample&description,&subsistence,&and&size
!
!
!
!
Dimension Abbreviation Relevance
Neck3shaft6angle NSA Medial6angulation6of6proximal6femur
Femoral6distal6metaphyseal6breadth FMB Body6mass6estimation6for6younger6than613.56years
Femoral6head6diameter FDH Body6mass6estimation6for6older6than613.56years
Maximum6femoral6length MFL With6MTL,6lower6limb6length
Maximum6tibial6length MTL With6MFL,6lower6limb6length
Relative6body6mass RBM Body6mass6relative6to6lower6limb6length
TABLE&2.&&Standard&skeletal&measurements&used&in&this&study
!
!
!
!
!
!
!
!!
!
!
!
!
!
!
!
!
Sample N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD
Kulubnarti 99 134.1 6.0 13 142.5 8.4 14 136.6 4.8 25 133.6 3.2 29 131.1 3.5 18 131.6 4.8
Luis=Lopes 46 135.5 7.6 5 151.8 3.8 6 133.5 6.8 8 135.0 2.5 16 135.2 4.6 11 130.1 5.6
Dart 66 136.8 8.8 12 145.8 8.2 14 143.3 7.5 4 134.5 8.2 11 134.4 5.9 25 130.4 4.0
Indian=Knoll 94 135.8 7.8 15 146.3 5.2 14 138.6 8.8 14 135.9 3.7 31 134.5 4.6 20 128.1 5.5
California=Amerindian 86 133.6 7.2 15 145.5 6.0 16 133.9 4.1 11 131.1 3.8 24 130.7 4.5 20 129.5 4.7
Mistihalj 49 134.5 5.7 8 142.9 5.3 10 133.0 2.9 8 132.6 3.8 15 134.3 4.5 8 130.1 5.0
Point=Hope 56 133.8 7.0 5 142.6 4.7 7 138.9 10.2 9 131.3 6.8 21 132.9 6.0 14 131.2 4.1
Total=NSA 496 134.9 7.3 73 145.1 6.7 81 137.1 7.3 79 133.5 4.4 147 133.0 4.9 116 130.1 4.782
TABLE&3.&Descriptive&statistics&for&NSA&for&all&samples&across&all&age&categories&
Ages=Pooled 0K0.9=years 1K2.9=years 3K5.9=years 6K11.9=years 12K17.9=years
Sample N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD
Kulubnarti 90 0.0433 0.0120 12 0.0315 0.0043 13 0.0356 0.0024 22 0.0379 0.0024 27 0.0440 0.0050 16 0.0645 0.0101
Luis=Lopes 44 0.0507 0.0155 4 0.0394 0.0023 5 0.0365 0.0027 7 0.0389 0.0036 16 0.0483 0.0082 12 0.0704 0.0131
Dart 65 0.0483 0.0159 12 0.0326 0.0053 14 0.0362 0.0015 3 0.0368 0.0033 11 0.0454 0.0050 25 0.0653 0.0109
Indian=Knoll 88 0.0443 0.0129 15 0.0327 0.0044 12 0.0355 0.0021 13 0.0354 0.0014 30 0.0450 0.0039 18 0.0649 0.0113
California=Amerindian 68 0.0496 0.0154 10 0.0360 0.0034 11 0.0370 0.0028 9 0.0395 0.0029 20 0.0473 0.0060 18 0.0725 0.0070
Mistihalj 43 0.0477 0.0158 6 0.0364 0.0048 9 0.0367 0.0031 6 0.0395 0.0022 14 0.0463 0.0053 8 0.0771 0.0104
Point=Hope 47 0.0498 0.0153 4 0.0335 0.0039 6 0.0367 0.0029 6 0.0383 0.0044 19 0.0474 0.0070 12 0.0715 0.0095
Total=NSA 445 0.0470 0.0146 63 0.0338 0.0047 70 0.0363 0.0020 66 0.0379 0.0030 137 0.0460 0.0058 109 0.0684 0.01091
TABLE&4.&Descriptive&statistics&for&RBM&for&all&samples&across&all&age&categories
Ages=Pooled 0K0.9=years 1K2.9=years 3K5.9=years 6K11.9=years 12K17.9=years
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Ages%Pooled NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 99
Luis-Lopes 46 <0.001**
Dart 66 <0.000** 0.003*
Indian-Knoll 94 <0.000** 0.020*
Cal.-Amerindian 86 0.003* <0.001** <0.001**
Mistihalj 49 0.001** <0.001** <0.001**
Point-Hope 56 0.048* <0.001** 0.004*
0-0.9%years NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 13
Luis-Lopes 5 0.038*
Dart 12
Indian-Knoll 15
Cal.-Amerindian 15
Mistihalj 8
Point-Hope 5
1-2.9%years NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 14
Luis-Lopes 6 0.028*
Dart 14 0.007* 0.009*
Indian-Knoll 14
Cal.-Amerindian 16
Mistihalj 10
Point-Hope 7
*-Significance-at-p=0.05;-**-Significance-at-p=0.001;-NonOsignificant-values-are-omitted.-
Age$standardized-residuals-of-RBM-(N=70)
!!!!!!!!!!!!TABLE!5.!!!ANOVA!post0hoc!group!comparisons!for!standardized!residuals!of!NSA!and!RBM!across!all!age!categories
Age$standardized-residuals-of-NSA-(N=451)
Age$standardized-residuals-of-RBM-(N=445)
Age-$standardized-residuals-of-NSA-(N=73)
Age$standardized-residuals-of-RBM-(N=63)
Age$standardized-residuals-of-NSA-(N=81)
!
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3"5.9&years NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 25
Luis-Lopes 8
Dart 4
Indian-Knoll 14 0.041*
Cal.-Amerindian 11 0.018*
Mistihalj 8
Point-Hope 9
6"11.9&years NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 29
Luis-Lopes 16
Dart 11
Indian-Knoll 31 0.048*
Cal.-Amerindian 24
Mistihalj 15
Point-Hope 21
12"7.9&years NSA N Kulubnarti Luis-Lopes Dart Indian-Knoll Cal.-Amerindian Mistihalj Point-Hope
Kulubnarti 18
Luis-Lopes 11 0.008*
Dart 25 <0.010**
Indian-Knoll 20 0.001**
Cal.-Amerindian 20 <0.001** 0.013*
Mistihalj 8 0.044* <0.001** 0.011*
Point-Hope 14 0.020* <0.001** 0.003*
*-Significance-at-p=0.05;-**-Significance-at-p=0.001;-NonNsignificant-values-are-omitted.-
!!!!!!!!!!!!TABLE!5.!!(Continued).!!ANOVA!post8hoc!group!comparisons!for!standardized!residuals!of!NSA!and!RBM!across!all!age!categories
Age$standardized-residuals-of-RBM-(N=109)
Age$standardized-residuals-of-NSA-(N=79)
Age$standardized-residuals-of-RBM-(N=66)
Age$standardized-residuals-of-NSA-(N=147)
Age$standardized-residuals-of-RBM-(N=137)
Age$standardized-residuals-of-NSA-(N=116)
!
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All#Ages Birth,0.9 1,2.9 3,5.9 6,11.9 12,17.9
1)#Cal#Amerindian 1)#Kulubnarti 1)#Mistihalj 1)#Cal#Amerindian 1)#Cal#Amerindian 1)#Indian#Knoll
2)#Point#Hope 2)#Point#Hope 2)#Luis#Lopes 2)#Point#Hope 2)#Kulubnarti 2)#Cal#Amerindian
3)#Kulubnarti 3)#Mistihalj 3)#Cal#Amerindian 3)#Mistihalj 3)#Point#Hope 3)#Luis#Lopes
4)#Mistihalj 4)#Cal#Amerindian 4)#Kulubnarti 4)#Kulubnarti 4)#Mistihaljh 4)#Mistihalj
5)#Luis#Lopes 5)#Dart 5)#Indian#Knoll 5)#Dart 5)#Dart 5)#Dart
6)#Indian#Knoll 6)#Indian#Knoll 6)#Point#Hope 6)#Luis#Lopes 6)#Luis#Lopes 6)#Point#Hope
7)#Dart 7)#Luis#Lopes 7)#Dart 7)#Indian#Knoll 7)#Indian#Knoll 7)#Kulubnarti
1)#Luis#Lopes 1)#Luis#Lopes 1)#Cal#Amerindian 1)#Cal#Amerindian 1)#Luis#Lopes 1)#Luis#Lopes
2)#Point#Hope 2)#Mistihalj 2)#Mistihalj 2)#Luis#Lopes 2)#Point#Hope 2)#Mistihalj
3)#Cal#Amerindian 3)#Cal#Amerindian 3)#Point#Hope 3)#Mistihalj 3)#Cal#Amerindian 3)#Point#Hope
4)#Mistihalj 4)#Point#Hope 4)#Luis#Lopes 4)#Point#Hope 4)#Mistihalj 4)#Cal#Amerindian
5)#Dart 5)#Dart 5)#Dart 5)#Kulubnarti 5)#Dart 5)#Dart
6)#Indian#Knoll 6)#Indian#Knoll 6)#Kulubnarti 6)#Dart 6)#Indian#Knoll 6)#Indian#Knoll
7)#Kulubnarti 7)#Kulubnarti 7)#Indian#Knoll 7)#Indian#Knoll 7)#Kulubnarti 7)#Kulubnarti
TABLE&6.&&Relative&ranking&of&mean&standardized&residuals&for&NSA&and&RBM&across&all&age&categories
Age$standardized-residuals-of-RBM
Age#standardized#residuals#of#NSA#are#listed#from#lowest#to#highest;#Age#standardized#residuals#of#RBM#are#listed#from#
highest#to#lowest.#Dark#gray#shaded#samples#differ#significantly#from#light#gray#shaded#samples.#
Age$standardized-residuals-of-NSA
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
!
!
CHAPTER!3!
!
FEMORAL!ANGLES!AND!CROSS4SECTIONAL!GEOMETRY!OF!THE!FEMUR!
ACROSS!SUBSISTENCE!ECONOMIES!
!
!
!
ABSTRACT!
!
Objectives:!Femoral!angles!and!cross=sectional!geometry!(CSG)!are!two!
biomechanically!relevant!features!of!the!skeleton!that!vary!widely!within!and!
among!populations,!and!are!sensitive!to!a!variety!of!factors!that!influence!femoral!
cortical!bone!distribution!and!quantity,!thereby!complicating!interpretations!of!
activity!patterns!in!past!populations.!This!study!examines!the!pattern!of!
relationship!between!the!neck=shaft!angle,!torsion!angle,!and!CSG!among!a!
diverse!sample!of!femora!from!varying!subsistence!economies.!
Materials!and!Methods:!Subsistence!economies!range!from!hunter=
gather!to!industrial!societies!(n=279).!Femoral!angles!of!neck=shaft!and!torsion!
were!measured!using!a!goniometer.!Cross=sectional!properties!were!calculated!
from!bi=planar!radiographs!and!computed!tomography!scans.!!
Results:!There!is!a!significant!relationship!between!femoral!angles!and!
CSG!properties,!and!the!same!general!morphological!patterning!is!evident!
across!all!samples,!regardless!of!subsistence!economy.!Measures!of!axial!and!
mediolateral!bending!rigidity!are!largely!affected!by!declination!in!neck=shaft!
angle,!while!diaphyseal!shape!is!largely!affected!by!torsion!angler!with!greatest!
effect!of!both!angles!expressed!in!the!proximal!femur.!
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!Discussion:!Taken!together,!these!data!suggest!that!variation!in!
diaphyseal!structural!morphology!may!be!explained,!in!part,!by!changes!in!lever!
angulation!and!orientation!by!altering!body!mass!distribution!and!mechanical!
advantage!of!the!muscles!about!the!hip.!This!research!highlights!the!inter=
relationship!between!diaphyseal!and!metaphyseal!modeling!in!response!to!the!
mechanical!loadings!of!the!femur!as!a!weight=bearing!element,!and!relates!to!the!
developmental!plasticity!responding!to!the!intrinsic!and!extrinsic!mechanical!
loadings!associated!with!gait!patterns!and!postural!behaviors.!!
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INTRODUCTION!
!
Femoral!angles!and!cross=sectional!geometric!(CSG)!properties!are!two!
biomechanically!relevant!features!of!the!femur,!which!may!aid!anthropologists!in!
the!reconstruction!of!activity!patterns!and!the!identification!of!congenital!
disorders.!A!large!body!of!research!has!been!directed!toward!documenting!long!
bone!structural!adaptation,!and!has!highlighted!a!general!temporal!decline!in!
robusticity!and!sexual!dimorphism!with!increasing!sedentism!(Larsen,!1995,!
1997r!Pearson!&!Buikstra,!2006r!Ruff,!1987,!2000).!Discordance!between!
detected!levels!of!diaphyseal!robusticity!and!shape!with!predicted!patterns!of!
physical!activity,!however,!has!left!open!the!possibility!that!other!unexplored!
factors!may!be!influential!in!cortical!bone!distribution!and!quantity!(Bridges,!1989r!
Bridges,!Blitz,!&!Solano,!2000r!Marchi,!2008).!!!
Similar!to!CSG,!the!neck=shaft!angle!(NSA)!and!torsion!angle!(AT)!of!the!
femur!have!been!reported!to!show!a!parallel!trend!of!increasing!inclination!and!
de=rotation!associated!with!increasing!sedentism!(Anderson!and!Trinkaus,!1998r!
Ruff,!Larsen,!&!Hayes,!1984r!Trinkaus,!1993).!Although!independent!research!on!
CSG!and!femoral!angulation!has!highlighted!the!adaptive!plasticity!of!these!
features!to!musculoskeletal!loading,!the!direct!relationship!between!these!two!
indicators!of!activity!has!not!been!fully!explored.!Questions!remain!open!whether!
variation!in!diaphyseal!robusticity!and!shape,!as!gauged!by!CSG,!may!be!
explained,!in!part,!by!variation!in!femoral!angles,!and!how!an!understanding!of!!
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this!potential!relationship!augments!our!interpretations!in!behavioral!
reconstructon.!
The!aim!of!this!study!is!to!examine!the!magnitude!and!pattern!of!
relationship!between!the!femoral!angles!of!inclination!and!torsion!and!CSG!in!the!
femur,!which!is!important!for!several!reasons.!First,!this!relationship!is!important!
in!holistically!understanding!the!morphology!of!the!femur!as!a!weight=bearing!
element.!While!both!the!cortical!diaphysis!and!the!metaphyseal!growth!plates!are!
responsive!to!mechanical!loadings,!there!are!different!site=specific!responses!to!
the!same!loading!conditions!within!the!same!skeletal!element!and!it!remains!
unclear!how!loading!in!different!areas!interact!(Carter!&!Beaupré,!2001r!
Shefelbine!&!Carter,!2004a,!br!Villemure!&!Stokes,!2009).!Secondly,!this!
relationship!is!important!in!inferring!activity!patterns!from!femoral!morphology.!
The!angles!of!the!femur!are!indicative!of!gait=!related!and!posture=related!
activities!that!might!not!be!detected!from!the!analysis!of!cross=sectional!
geometry,!alone.!!!
!
FEMORAL!ANGLES!
The!alignment!and!angulation!of!the!proximal!femur!in!the!frontal!and!
transverse!planes!may!be!described!by!two!angles:!the!neck=shaft!angle!(NSA)!
and!the!torsion!angle!(AT),!respectively.!These!angles!have!important!
biomechanical!implications.!Femoral!angles!function!to!align!the!lower!limb!under!
the!body!and!reduce!stress=related!strains!along!the!long!axis!of!the!bone.!
Deviations!in!the!angular!alignment!of!the!femur!from!the!frontal!and/or!
!! 55!
transverse!planes!has!been!shown!to!alter!the!load!distribution!along!the!long!
axis!of!the!bone!and!change!the!moment!arms!and!consequent!mechanical!
advantage!of!the!musculature!of!the!hip!(Heller!et!al.,!2001).!!
Although!intrinsic!genetic!and!nutritional!factors!may!influence,!in!part,!the!
development!of!the!femoral!angles,!the!high!degree!of!developmental!plasticity!in!
response!to!extrinsic!factors!suggests!that!these!angles!are!sensitive!to!
differences!in!behavioral!activity!between!populations!(Appleton,!1934r!Arkin!&!
Katz,!1956r!Shefelbine!&!Carter,!2004a,!b).!
!
Neck4shaft!angle!(NSA)!
NSA!(“caput=collo=diaphyseal”,!“neck=stem!angle”,!or!“angle!of!inclination”)!
represents!the!degree!of!medial!inclination!of!the!femoral!head!and!neck!relative!
to!the!diaphysis!(Fig.!1).!NSA!is!relatively!large!at!the!time!of!birth,!ranging!
between!140°!and!160°!in!most!individuals.!Shifting!weight!distribution!
associated!with!gait!development!stimulates!the!declination!of!NSA!in!response!
to!changing!hip!joint!reaction!forces!(Ribble,!Santare,!&!Miller,!2001r!Shefelbine!
&!Carter,!2004br!Villemure!&!Stokes,!2009).!With!normal!gait!development,!adult!
values!are!reached!during!early!adolescence!and!range!between!122=136°!in!
most!populations!(Hay,!1996r!Miller!et!al.,!1993).!The!angle!becomes!“fixed”!at!
the!time!of!epiphyseal!union,!with!no!further!changes!with!advancing!age!
(Bonneau,!Simonis,!Seringe,!&!Tardieu,!2011r!Humphry,!1889r!Toogood,!Skalak,!
&!Cooperman,!2009r!Unnanuntana,!Toogood,!Hart,!&!Cooperman,!2010),!
although!see!Isaac,!Vettivel,!Prasad,!Jeyaseelan,!&!Chandi,!(1997),!Kingsley!&!
!! 56!
Olmstead!(1948),!Nobel!et!al.,!(1995),!and!Reikeras!&!Hoiseth!(1982)!for!an!
alternative!view.!!!
The!postnatal!decline!in!NSA!is!dependent!upon!weight=bearing!forces,!
which!alter!the!orientation!of!shear!stresses!experienced!across!the!developing!
physis.!Under!normal!loading,!relatively!equal!shear!stresses!are!placed!across!
the!medial!and!lateral!regions!of!the!growth!plate!due!to!the!activity!of!the!
abductors,!stimulating!a!decline!in!the!angulation!of!the!neck!(Shefelbine!&!
Carter,!2004b).!The!mechanical!sensitivity!of!metaphyseal!modeling!to!changes!
in!the!magnitude!and!orientation!of!forces!in!the!hip!during!development!is!well!
documented!(Appleton,!1934r!Arkin!&!Katz,!1956r!Delp,!Komattu,!&!Wixson,!
1994r!Duda,!Schneider,!&!Chao,!1997r!Duda!et!al.,!1998r!Heller!et!al.,!2001r!
Shefelbine!and!Carter!2004br!Villemure!&!Stokes,!2009)!and!supported!by!the!
absence!of!declination!observed!in!non=ambulatory!or!reduced!mobility!
individuals.!Individuals!who!do!not!experience!normal!load!levels!in!the!hip!
during!development!place!relatively!greater!stress!across!the!medial!growth!
plate,!and!thereby!retain!the!relatively!high,!or!valgus!angle,!characteristic!of!
neonates!(Houston!&!Zaleski,!1967r!Laplaza,!Root,!Tassanawipas,!&!
Glasser,1993r!Maquet,!1999r!Ribble!et!al.,!2001r!Yamaguchi,!1993).!The!more!
varus!orientation!of!the!femoral!head!and!neck!decreases!bending!moments!of!
the!neck,!decreases!hip=joint!contact!forces,!and!inhibits!hip!dislocation,!thereby!
producing!a!more!stable!hip!joint!(Hay,!1996r!Nordin!&!Frankel,!1980r!Trinkaus,!
1993).!!
!! 57!
NSA!is!reported!to!vary!widely!both!within!and!among!modern!human!
populations!(Backman,!1957r!Frankel,!1960r!Garden,!1961r!Henriksson,!1980r!
Hoaglund!&!Low,!1980r!Inman,!1947r!Isaac!et!al.,!1997r!Pick,!Stack,!&!Anson,!
1941r!Reikeras!&!Hoiseth,!1982r!Reikeras,!Bjerkreim,!&!Koblerstevedt,!1983r!
Reikeras,!Hoiseth,!Reigstad,!&!Fönstelien,!1982r!Sears,!1898r!Walensky!&!
O’Brien,!1968).!A!lower!NSA!is!more!frequently!reported!among!more!mobile!
compared!to!more!sedentary!populations!(Anderson!&!Trinkaus,!1998r!Ruff,!
Trinkaus,!Walker,!&!Larsen,1993r!Trinkaus,!1993,!1994).!Within!populations,!
females!are!frequently!reported!to!exhibit!relatively!lower!NSA!compared!to!
males!(Unnanuntana!et!al.,!2010),!however!lower!NSA!have!been!reported!in!
males!in!some!populations!(Hay,!1996).!Other!studies,!still,!report!no!sexual!
dimorphism!in!NSA!(Bonneau!et!al.,!2012r!Lee!et!al.,!2011r!Reikeras!&!Hoiseth,!
1982r!Toogood!et!al.,!2009)!and!suggest!that!the!magnitude!of!sexual!
dimorphism!is!minimal!and!inconsistent!as!to!which!sex!is!larger!(Anderson!&!
Trinkaus,!1998r!Hay,!1996).!!
!
Torsion!Angle!(AT)!
! AT!(“version”,!“anteversion”,!“antetorsion”,!or!“angle!of!declination”)!
represents!the!degree!of!diaphyseal!rotation!between!the!proximal!and!distal!
ends!of!the!femur!(Fig.!1).!The!angle!of!torsion!is!apparent!as!early!as!7!weeks!
of!gestation,!ranging!between!=10°!and!0°!(Prasad,!Vettivel,!Issac,!Jeyaseelan,!&!
Chandi,!1996),!and!steadily!increases!with!gestational!age!as!a!consequence!of!
increasing!in=utero!space!constraints,!which!positions!the!lower!limbs!in!
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hyperflexion!on!the!pelvis.!This!hyperflexion!produces!a!mechanical!force!on!the!
developing!femur!that!can!be!represented!by!a!first=degree!lever,!such!that!the!
fulcrum!of!the!force!system!is!represented!by!the!anterior!superior!iliac!spine!of!
the!ilium.!Capsular!restriction!“locks”!the!femoral!head!in!the!acetabular!cavity,!
and!a!resistive!force!is!imposed!on!the!proximal!femur,!resulting!in!a!torque!
moment!(or!force!tending!to!rotate!an!object!about!an!axis)!in!this!region!
(Bonneau!et!al.,!2011r!Le!Damany,!1903,!1914r!Tardieu,!2010r!Upadhyay,!
Burwell,!Moulton,!Small,!&!Wallace,!1990).!With!normal!development,!the!angle!
steadily!increases!with!gestational!age!as!a!consequence!of!this!torque,!reaching!
approximately!35°!at!birth!(Cibulka,!2004r!Delp!et!al.,!1994r!Schutte,!Hayden,!&!
Gage,!1997).!Postnatally,!the!angle!steadily!de=rotates!until!epiphyseal!union!of!
the!proximal!femur!during!late!adolescence.!After!skeletal!maturity!is!obtained,!
the!angle!is!“fixed”,!with!final!adult!values!ranging!between!8=16°!in!most!modern!
individuals!(Cibulka,!2004r!Eckhoff,!Kramer,!Watkins,!Alongi,!&!van!Gerven,!
1994r!Fabry,!Belgium,!MacEwen,!&!Shands,!1973r!Fabry,!Cheng,!&!Molenaers,!
1994).!The!post=natal!decline!in!the!torsion!angle!is!the!consequence!of!extrinsic!
torsional!forces!created!by!the!changing!musculature!of!the!hip,!capsular!
restriction,!and!weight!distribution!of!the!body!during!gait!development!(Bonneau!
et!al.,!2011r!Guidera,!Ganey,!Keneally,!&!Odgen,!1994r!Roberts,!1962).!!
There!is!considerable!variation!in!the!angle!of!torsion!among!and!within!
populations.!African!and!South!Asian!populations!have!been!reported!to!have!
relatively!lower!AT!compared!to!European!populations,!which!have!lower!AT!
than!Native!American!populations!(Eckhoff!et!al,!1994r!Jain,!Maheshwari,!Nath,!
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Singh,!&!Hagar,!2003r!Parsons,!1914r!Srimathi,!Mathukumar,!Anandarani,!
Umapathy,!&!Subramanian,!2012r!Zalawadia!et!al..,!2010).!!Within!populations,!
females!tend!to!exhibit!relatively!larger!AT!values!compared!to!males,!although!
the!magnitude!of!sexual!dimorphism!is!not!statistically!significant!in!some!
populations!(Bonneau!et!al.,!2012r!Davivongs,!1963r!Kate,!1976r!Tamari,!Tinley,!
Biffa,!&!Aoyagi,!2006).!!
!
CROSS4SECTIONAL!GEOMETRY!
! Using!cross=sectional!geometry!(CSG),!long!bones!are!modeled!as!
hollow!beams!and!engineering!beam!theory!is!used!to!calculate!a!bone’s!
resistance!to!applied!loads!at!different!cross=sections!of!the!diaphysis.!
Calculation!of!the!geometric!properties!of!each!cross=section!provides!a!measure!
of!bone’s!resistance!to!loading,!and!represents!a!generalized!measure!of!inUvivo!
loading!of!an!individual.!Bone’s!resistance!to!mechanical!loading!is!dependent!
upon!both!the!amount!(area)!and!the!geometric!distribution!of!bone!around!the!
central!or!“neutral”!axis!of!the!bone.!Bone!areas!are!proportional!to!a!cross=
section’s!resistance!to!axial!loading!along!the!long!axis!of!the!bone.!Second!
moments!of!area,!which!are!dependent!on!the!areal!distribution!of!cortical!bone!
relative!to!the!neutral!axis,!provide!a!general!measure!of!a!cross=section’s!
resistance!to!bending!and!torsional!rigidity!(Ruff!&!Hayes,!1983a).!These!cross=
sectional!parameters!provide!a!useful!means!by!which!to!investigate!the!adaptive!
response!of!bone!to!its!mechanical!environment.!
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That!bone!is!responsive!to!mechanical!loading!is!now!well!established!
through!a!large!body!of!classic!experimental!research!(Carter!&!Beaupré,!2001r!
Chamay!&!Tschantz,!1972r!Lanyon,!Goodship,!Pye,!&!MacFie,!1982r!Jones,!
Priest,!Hayes,!Tichenor,!&!Nagel,!1977r!Woo!et!al.,!1981).!However,!a!growing!
body!of!research!has!demonstrated!the!complexity!of!this!relationship,!and!
suggests!that!the!structural!morphology!of!long!bones!is!influenced!by!a!variety!
of!other!intrinsic!and!extrinsic!factors,!including!genetic!factors,!epigenetic!
factors,!muscle!size!and!tension,!age,!hormones,!ontogeny,!terrain,!and!body!
proportions!(Arnsdorf,!Tummala,!Castillo,!Zhang,!&!Jacobs,!2010r!Cowgill,!2010r!
Cowgill,!Warrener,!Pontzer,!&!Ocobock,!2010r!Devlin,!2011r!Feik,!Thomas,!&!
Clement,!1996r!Hamrick,!McPerron,!Lovejoy,!&!Hudson,!2000r!Lovejoy,!
McCollum,!Reno,!&!Rosenman,!2003r!Marks!&!Popoff,!1988r!Massaro!&!Rogers,!
2004r!Moro!et!al.,!1996r!Pearson,!2000r!Pearson!&!Lieberman,!2004r!Ruff,!1993,!
1994,!1995,!2003a,br!Ruff!&!Hayes,!1983br!Ruff,!Walker,!&!Trinkaus,!1994!et!al.,!
1994r!Schönau,!1998r!Stock,!2006r!van!der!Muelen!et!al.,!1996r!Weaver,!2003r!
Wescott,!2006a,b).!Additionally,!studies!have!raised!several!important!technical!
issues!relevant!to!CSG!(Bertram!&!Swartz,!1991r!Carter,!1978r!Demes!et!al.,!
2001r!2007r!Lanyon,!Hampson,!Goodship,!&!Shah,!1975r!Lieberman,!Polk,!&!
Demes,!2004r!Ruff,!Holt,!Trinkaus,!2006).!Despite!these!confounding!factors,!an!
extensive!body!of!research!supports!the!concept!of!bone!functional!adaptation!to!
mechanical!loads,!and!collectively!suggest!that!calculations!of!CSG!properties!
may!still!provide!reliable!approximations!of!the!relative!differences!and!patterning!
of!mechanical!adaptation!between!closely!related!species!(Currey,!1984r!Jones!
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et!al.,!1977r!Lanyon!&!Rubin,!1984r!Martin,!Burr,!&!Sharkey,!1989r!Ruff!et!al.,!
2006b).!!
!
RESEARCH!OBJECTIVES!
This!study!examines!the!relationship!between!angular!and!structural!
geometry!of!the!femur!by!exploring!the!pattern!of!relationship!between!the!
femoral!angles!of!neck=shaft!and!torsion!with!CSG!across!a!large!sample!with!
variable!subsistence!strategies,!and!by!inference,!activity!patterns.!Two!research!
questions!are!explored:!
1)!What!is!the!pattern!of!relationship!between!femoral!angles!and!CSG?!!
2)!How!is!this!pattern!of!relationship!reflected!among!different!subsistence!
groups,!and!between!sexes?!!
!
Specific!predictions!
If!NSA!is!dependent!upon!the!magnitude!of!shear!stresses!experienced!
along!the!mediolateral!axis!of!the!developing!physeal!surface,!it!is!predicted!that!
a!lower!NSA!should!be!associated!with!larger!values!of!axial!loading!(bone!
areas)!and!bending!rigidity!(second!moments!of!area),!with!the!greatest!effect!
observed!along!the!mediolateral!axis!(Iy)!in!the!proximal!femur!(question!1).!It!is!
predicted!that!subsistence!groups!and/or!sexes!with!lower!NSA!will!have!greater!
values!of!axial!and!mediolateral!rigidity,!and!vice!versa.!This!should!be!reflected!
in!a!general!trend!of!increasing!NSA!and!decreasing!values!of!axial!and!bending!
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rigidity!among!subsistence!groups!from!hunter=gatherer!to!industrialist!groups,!
and!in!females!compared!to!males!(question!2).!!
If!AT!represents!the!torque!of!the!proximal!end!relative!to!the!distal!end!of!
the!developing!femur,!then!this!should!be!reflected!in!diaphyseal!shape!ratios!
and!orientation!of!maximum!bending!rigidity!in!accordance!with!the!plane!of!the!
angle.!Specifically,!as!AT!increases,!measures!of!diaphyseal!shape!(Ix/Iy!and!
Imax/Imin)!and!the!orientation!of!maximum!bending!rigidity!(theta)!should!become!
more!anterolaterally!directed,!as!the!axis!of!bending!rigidity!is!rotated!further!
away!from!the!mediolateral!axis!of!the!diaphysis!(question!1).!It!is!predicted!that!
subsistence!groups!and/or!sexes!with!greater!AT!will!have!larger!shape!ratios!
and!orientation!of!maximum!bending!rigidity!(theta)!values.!This!should!be!
reflected!as!a!general!trend!of!decreasing!AT,!shape!ratios,!and!theta!among!
subsistence!groups!from!hunter=gatherer!to!industrialist!groups,!and!in!males!
compared!to!females!(question!2).!!
!
MATERIALS!
A!total!of!279!individuals!(150!malesr!129!females)!from!four!skeletal!
collections!were!selected!for!study.!Each!skeletal!sample!represents!a!different!
subsistence!economy,!including!a!hunting=gatherer,!a!horticulturalist,!an!
agriculturalist,!and!a!modern!industrialized/urban!population.!The!study!samples!
were!selected!to!represent!a!diverse!array!of!subsistence!economies,!which!
differ!in!general!mobility!level,!habitual!activities,!postures,!and!by!inference,!
general!loading!regimes.!Table!1!presents!a!listing!of!the!samples,!housing!
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institutions,!general!subsistence!economies,!time!periods!and!sample!sizes.!For!
each!individual,!the!right!or!left!femur!was!measured.!Femora!were!selected!
based!on!completeness,!epiphyseal!union,!and!the!lack!of!macroscopic!changes!
due!to!trauma!or!disease!processes.!!
!
METHODS! !
The!primary!data!for!this!study!are!two!femoral!angles!(neck=shaft!angle!
and!torsion!angle)!and!cross=sectional!geometric!properties.!Additionally,!three!
diameters!were!measured:!femoral!head!diameter!(FHD),!anteroposterior!(AP)!
cortical!diameter,!and!mediolateral!(ML)!cortical!diameters.!FHD,!AP,!and!ML!
were!measured!using!calipers!and!recorded!to!the!nearest!0.01!mm.!
!
Femoral!Angles!!!
! ! Several!methods!exist!to!measure!femoral!angles,!which!differ!in!the!
choice!of!positioning!of!the!femur,!technique,!and!landmarks!employed.!In!order!
to!maintain!reference!position!between!angular!measurements,!each!femur!was!
oriented!according!to!standard!reference!axes!(see!Ruff,!1981!for!a!detailed!
review)!prior!to!mensuration.!Neck=shaft!angle!(NSA)!is!defined!as!the!angle!
between!the!longitudinal!axis!and!the!cervical!axis!of!the!femoral!head!and!neck,!
taken!on!the!anterior!surface!of!the!femur!(Fig.!1a).!The!torsion!angle!(AT)!is!
defined!as!the!angle!between!the!cervical!axis!of!the!head!and!neck!and!the!
transcondylar!plane,!taken!in!the!coronal!plane!of!the!femur!(Fig.!1b).!Both!
angles!were!measured!using!a!goniometer!and!recorded!to!the!nearest!degree.!!
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! !Approximately!18%!of!the!total!sample!(n=50)!was!selected!randomly!for!
repeated!measurement!to!evaluated!intaobserver!error!using!Wilcoxon=Signed!
rank!tests.!Repeated!measurements!were!performed!using!individuals!from!each!
of!the!four!samples,!and!separated!by!periods!of!one!week.!No!significant!
differences!were!observed!between!repeated!measurements!for!either!angular!
dimension.!Following!White!and!Folkens!(2000),!percent!measurement!errors!
were!calculated,!and!ranged!between!0.3%!and!1.7%!across!the!study!sample.!
While!measurement!error!on!individual!specimens,!in!some!cases,!were!slightly!
higher,!the!error!tends!to!be!random!and!does!not!exceed!2°!for!any!individual!or!
angle.!!
For!a!sub=set!of!the!of!the!Indian!Knoll!sample!(n=33),!AT!was!not!
recorded.!For!these!individuals,!the!AT!was!predicted!from!previously!recorded!
version!angles!using!linear!regression!developed!from!94!individuals!(Terry!
sample,!n=53r!Indian!Knoll!sample,!n=41)!for!which!both!torsion!and!version!
angles!were!previously!recorded!by!the!author!(y=0.144x+4.398,!r=0.838r!
r2=0.703r!p<0.001).!Version!angle!is!defined!as!the!twist!of!the!proximal!femur!
relative!to!the!frontal$plane$of$the$body,!which!differs!importantly!from!the!AT!in!
the!choice!of!the!distal!landmarks!and!resultant!plane.!(Version!angle!utilizes!the!
transUepicondylar!plane,!as!opposed!to!the!transcondylar!plane!employed!in!the!
AT!dimension!(Kate,!1976),!and!is!the!angle!more!commonly!recorded!in$vivo).!In!
order!to!evaluate!the!appropriateness!of!this!replacement,!Wilcoxon=signed!rank!
test!for!related!samples!was!employed!to!determine!if!predicted!torsion!angles!
(regressed!from!version!angles)!significantly!differed!from!AT!in!these!94!
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individuals.!No!significant!differences!were!found!between!predicted!torsion!
angles!and!AT!(p=0.678).!Additionally,!the!Bland=Altman!method!(Bland=Altman,!
1999,!2010)!was!used!to!evaluate!the!magnitude!of!agreement!between!the!
predicted!angle!and!AT.!According!to!the!Bland=Altman!method,!two!methods!are!
in!agreement,!and!thereby!interchangeable,!when!the!mean!paired!difference!is!
near!zero!(indicating!equality),!there!are!few!outliers,!and!the!limits!of!agreement!
are!sufficiently!narrow.!The!Bland=Altman!plot!produced!a!mean!difference!and!
standard!deviation!of!1.377!±!0.146,!with!limits!of!agreement!between!1.085!and!
1.669,!which!did!not!significantly!differ!from!zero!(!=0.004r!p=0.972).!These!
results!suggest!that!predicted!torsion!angles!may!be!appropriately!substituted!for!
AT,!and!thus,!for!these!33!individuals,!torsion!was!predicted!from!version!using!
the!regression!equation!above!and!included!in!all!further!analyses!to!preserve!
sample!size.!!
!
Cross4sectional!Geometry!(CSG)!
! Cross=sectional!data!was!generated!from!two!different!imaging!techniques:!
computed!tomography!(CT)!and!the!latex!cast!method!(LCM).!For!the!Arikara!
(N=107)!and!Terry!(n=64)!samples,!as!a!whole,!and!the!portion!of!the!Indian!
Knoll!(N=33)!sample!housed!at!the!National!Museum!of!Natural!History,!a!CT!
scanner!was!employed!to!obtain!cross=sectional!data.!For!the!Campbell!(n=54)!
sample!and!the!portion!of!the!Indian!Knoll!(n=21)!sample!housed!at!University!of!
Kentucky,!no!CT!scanner!was!available!and!consequently!cross=sections!were!
derived!using!the!LCM.!The!LCM!method!has!been!shown!to!produce!non=
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significant!differences!from!true!cross=sectional!properties,!and!is!therefore!a!
suitable!and!valid!alternative!to!data!generated!from!CT!imaging!(O’Neil!&!Ruff,!
2004).!Element!orientation!and!calculation!of!geometric!properties!were!identical!
for!the!two!methods!and!are!comparable.!Each!femur!was!oriented!according!to!
standard!reference!axes,!following!Ruff!(1981).!Cross=sectional!sections!were!
located!at!80%!and!50%!bone!locations,!measured!from!the!distal!end!of!the!
femur.!!
! !
Computed!Tomography.!One!mm!CT!scans!were!obtained!from!the!two!bone!
locations!and!analyzed!using!ImageJ!software.!CT!scans!were!compared!to!
bone!equivalent!phantoms!of!known!dimensions!in!order!to!establish!proper!
boundary!thresholds!and!scale.!Cross=sectional!properties!were!then!calculated!
using!MomentMacroJ_v1_3.!!!
! !
Latex!Cast!Method.!CSG!properties!were!reconstructed!following!established!
protocol!using!external!contour!molds!and!bi=planar!radiographs!(Cowgill,!2010r!
Ruff,!2000r!Trinkaus!&!Ruff,!1999).!External!molds!of!periosteal!contours!at!the!
two!bone!locations!were!created!using!Cuttersil!Putty!Plus!TM!silicone!molding!
putty.!Bi=planar!(AP!and!ML)!digital!radiographs!were!taken!using!a!Nomad!
eXaminerTM!portable!X=Ray.!Four!cortical!thicknesses!were!digitally!measured!
from!the!radiographs!(anterior,!posterior,!medial,!and!lateral),!and!recorded!to!the!
nearest!mm.!Each!mold!was!scanned!into!Photoshop!software!in!order!to!create!
a!2=dimensional!image!of!each!section.!Endosteal!contours!were!reconstructed!
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using!an!automated!R!program!(Sylvester,!Garofalo,!&!Ruff,!2010)!designed!to!
interpolate!contours!based!on!an!ellipse!using!the!measured!periosteal!
dimensions,!and!calculate!CSG!properties.!Each!interpolation!was!visually!
inspected!to!ensure!that!interpolations!were!within!the!physiological!limits!of!
bone!tissue,!and!unrealistic!endosteal!interpolations!were!eliminated!from!the!
data!set!prior!to!analyses!(n=3).!!
!
Body!Mass!Estimation!and!Size!Standardization!
Cross=sectional!geometric!properties!must!be!standardized!by!a!
biomechanically!relevant!estimate!of!body!mass.!Body!mass!was!estimated!for!
each!individual!in!order!to!make!size=standardized!comparisons!between!
samples!using!regression!formula!based!on!femoral!head!diameter,!following!
Ruff,!Scott,!&!Liu!(1991).!Total!and!cortical!areas!were!standardized!by!body!
mass,!while!second!moments!of!area!and!polar!moments!of!areas!were!
standardized!by!body!mass!multiplied!by!biomechanical!length2!(Ruff,!1984r!
2000).!
Statistical!Analyses!
Initially,!variables!were!assessed!for!violations!in!the!assumptions!for!
parametric!testing!through!descriptive!(mean,!median,!kurtosis,!skewedness),!
graphical!(scatterplots,!histograms,!Q=Q!plots,!P=P!plots),!and!diagnostic!(Durbin=
Watson,!Cook’s!distance)!procedures.!All!angular!dimensions!significantly!
differed!from!normality,!and!these!data!were!natural!log=transformed!and!non=
parametric!testing!was!employed.!Although!few!outliers!were!noted,!all!values!
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were!assessed!for!recording!errors!and!found!to!be!within!the!physiological!limits!
of!bone.!To!be!cautious,!any!case!that!exhibited!a!Cook’s!distance!of!>1!was!
eliminated!from!the!data!set!(n=2).!!
In!order!to!examine!the!relationship!between!femoral!angles!and!CSG,!
ordinary!least!squares!regression!(OLS)!were!used!to!examine!the!relationship!
between!angular!dimensions!and!CSG!properties!across!the!pooled!sample,!as!a!
whole.!There!are!several!options!for!line=fitting!available.!The!choice!of!line=fitting!
used!in!this!study!was!based!on!the!asymmetric!pattern!of!error!variance!
between!the!variables,!whereby!the!regression!line!and!resultant!interpretation!is!
dependent!upon!the!assignment!of!independent!and!dependent!variables,!
particularly!when!coefficients!of!determination!are!expected!to!be!relatively!low!
(~10%)!(Smith,!2009r!Sokal!&!Rohlf,!1995).!
In!order!to!evaluation!the!predicted!patterns!of!variation!among!
subsistence!groups,!among=group!differences!in!angular!dimensions!and!CSG!
were!evaluated!using!Kruskal=Wallis,!with!Mann=Whitney!U!post=hoc!
comparisons.!Sex=related!differences!in!angular!and!CSG!properties!were!
evaluated!using!Mann=Whitney!U=tests.!All!alpha!levels!were!set!at!0.05.!SPSS!
version!24.0!was!used!to!perform!all!statistical!analyses!in!this!study.!
!
RESULTS!!!!
Relationship!between!NSA!and!CSG!properties!
It!was!predicted!that!a!lower!NSA!would!be!associated!with!larger!values!
of!axial!loading!and!bending!rigidity,!with!the!greatest!effect!observed!along!the!
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mediolateral!axis!in!the!proximal!femur.!Results!show!that!cortical!areas,!second!
moments!of!area,!and!polar!second!moments!of!area!all!increase!with!
decreasing!NSA,!and!this!trend!is!significant!at!both!80%!(p≤0.003)!and!50%!
(p≤0.018)!bone!locations!across!the!pooled!sample!(Table!2).!!
For!bone!areas,!Ix,!and!Imin,!these!significant!relationships!are!generally!
weak!(r≤0.281),!explaining!less!than!8%!of!the!total!variation!in!overall!
diaphyseal!cortical!morphology.!The!largest!effect!is!observed!in!80%!properties!
that!reflects!ML!bending!rigidity!(Iy!and!Imax)!and!torsional!rigidity!(J),!explaining!
~12=17%!of!the!total!variation!in!proximal!cortical!morphology!(Fig.!2).!A!
significant!moderate!relationship!between!increasing!ML!bending!rigidity!(Iy)!with!
decreasing!NSA!is!also!observed!at!the!50%!bone!location,!but!this!relationship!
is!weak!for!the!properties!of!Imax!and!J!at!this!bone!location.!
The!relationship!between!NSA!and!diaphyseal!shape!indicate!a!weak!
relationship,!and!explain!<7%!of!the!total!variation!in!diaphyseal!shape.!With!a!
decrease!in!NSA,!the!Ix/Iy!ratio!decreases!(p=0.005)!and!the!Imax/Imin!ratio!
increases!(p<0.001),!due!to!a!relatively!greater!increase!in!the!ML!(Iy)!than!AP!
(Ix)!dimensions!in!the!proximal!femur.!At!midshaft,!there!is!a!significant!decrease!
in!Ix/Iy!ratio!(p<0.001),!however!no!significant!relationship!between!NSA!and!
Imax/Imin!was!observed!at!the!50%!location!(p=0.493).!As!NSA!decreases,!there!is!
a!significant!decrease!in!theta!at!midshaft,!explaining!<4%!of!the!total!variation!in!
the!orientation!of!maximum!bending!rigidity.!There!is!no!significant!relationship!
between!theta!and!NSA!at!the!subtrochanteric!location!(p=0.316).!!
!
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Relationship!between!AT!and!CSG!properties!
It!was!predicted!that!as!AT!increases,!measures!of!diaphyseal!shape!(Ix/Iy!
and!Imax/Imin)!and!the!orientation!of!maximum!bending!rigidity!(theta)!should!
become!more!anterolaterally!directed,!as!the!axis!of!maximum!bending!rigidity!is!
rotated!toward!the!plane!of!antetorsion.!Results!show!a!significant!relationship!
between!the!AT!and!all!second!moments!of!area,!shape!ratios,!and!theta!at!the!
80%!location!(p≤0.007)!(Table!2).!The!largest!effects!are!observed!in!the!
orientation!of!maximum!bending!rigidity!(θ)!and!shape!ratios,!which!are!strongly!
correlated!with!AT,!explaining!~28%!of!the!total!variation!in!the!proximal!femur!
(Fig.!3).!As!AT!increases,!theta,!Ix,!and!Imax!significantly!increase!and!Iy!and!Imin!
significantly!decrease,!indicating!a!shift!of!the!proximal!femur!shifts!toward!the!
plane!of!antetorsion.!Consequently,!there!is!a!significant!increase!in!both!the!Ix/Iy!
and!Imax/Imin!shape!ratios.!No!significant!relationship!was!observed!between!AT!
and!bone!areas!or!J!at!80%!location.!!
At!the!midshaft!location!(50%),!a!significant!relationship!was!observed!
between!the!AT!and!only!two!CSG!properties,!TA!and!Imax/Imin,!and!these!
relationships!were!extremely!weak,!explaining!less!than!2%!of!the!total!variation!
in!cortical!midshaft!morphology.!No!other!significant!relationships!were!found!
between!AT!and!any!other!CSG!at!the!midshaft!location.!!
!
Subsistence!and!sex4related!differences!in!NSA!&!CSG!
Table!3!presents!descriptive!statistics!for!NSA!for!the!pooled!sample,!and!
the!sample!divided!by!subsistence!group,!and!by!sex.!Results!from!the!Kruskal=
!! 71!
Wallis!test!indicate!a!significant!difference!in!NSA!among!subsistence!groups!
(p<0.001).!Post=hoc!Mann=Whitney!U=tests!reveal!that!the!Arikara!sample!has!a!
significantly!lower!NSA!(122°r!p≤0.001)!compared!to!all!other!samples!(125°)!in!
this!study!(Fig.!4a).!No!other!significant!subsistence=related!differences!were!
observed.!!
No!significant!differences!were!found!in!the!distributions!or!medians!of!
NSA!between!males!and!females!in!any!subsistence!group!(p=0.771),!and!it!was!
variable!as!to!which!sex!exhibited!the!larger!NSA.!For!example,!NSA!was!larger!
in!females!compared!to!males!in!the!Arikara!and!Terry!samplesr!NSA!was!larger!
in!males!compared!to!females!in!the!Indian!Knoll!sampler!and!NSA!was!
equivocal!between!males!and!females!in!the!Campbell!sample!(Table!3)!!
Table!4!provides!descriptive!statistics!for!CSG!properties!for!the!pooled!
sample,!and!the!sample!divided!by!subsistence!group,!and!by!sex.!Among!the!
subsistence!groups,!the!Arikara!(which!had!the!lowest!NSA:!22º)!exhibited!
significantly!greater!values!in!the!CSG!properties!of!TA,!Iy,!Imax!and!J,!compared!
to!the!Indian!Knoll!(p≤0.030)!and!Terry!samples!(p<0.001)!at!both!80%!and!50%!
locations.!Similarly,!the!Arikara!exhibited!greater!values!of!CA!compared!to!the!
Indian!Knoll!and!Terry!samples!(p<0.001)!at!both!the!80%!and!50%!locations,!
although!significance!was!not!reached!at!the!midshaft!location!for!the!Indian!
Knoll!sample.!In!comparison!with!the!Campbell!sample,!however,!no!significant!
difference!was!observed!in!the!CSG!properties!of!TA,!Iy,!or!J!at!either!80%!or!
50%!locations!with!the!Arikara!sample.!Moreover,!the!Arikara!exhibited!
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significantly!greater!values!of!Imax!at!80%!location!(p=0.034),!and!significantly!
lower!values!of!CA!(p<0.001)!at!the!50%!location!(Table!5).!!
Within!the!subsistence!groups,!males!exhibited!significantly!larger!values!
in!the!CSG!properties!of!TA,!CA,!Iy,!I!max,!and!J!at!both!80%!and!50%!locations!in!
the!Indian!Knoll!(p≤0.027)!and!Arikara!samples!(p≤0.001),!although!significance!
was!not!reached!in!the!80%!Imax!property!in!the!Indian!Knoll!sample.!In!the!
Campbell!sample,!males!exhibited!significantly!greater!values!of!TA,!CA,!Iy,!
Imax,!and!J!at!the!50%!location!(p≤0.031),!and!in!CA!at!the!80%!location!
(p=0.011).!In!the!Terry!sample,!males!and!females!significantly!differed!in!a!
single!CSG!property,!CA,!at!both!the!80%!and!50%!locations!(p≤0.008)!(Table!
6).!
!
Subsistence!and!sex4related!differences!in!AT!and!CSG!
Table!3!presents!descriptive!statistics!for!AT!for!the!pooled!sample,!and!
the!sample!divided!by!subsistence!group,!and!by!sex.!Results!from!the!Kruskal=
Wallis!test!indicate!a!significant!difference!in!AT!among!subsistence!groups!
(p<0.001).!Post=hoc!Mann=Whitney!U=tests!reveal!that!Indian!Knoll!had!the!
highest!AT!(28°),!Terry!had!the!lowest!AT!(11°),!and!these!angles!significantly!
differ!from!all!other!subsistence!groups!(p≤0.042)!(Fig.!4b).!!
Males!and!females!significant!differ!in!the!distribution!and!median!of!AT!in!
the!Indian!Knoll!(p=0.001)!and!Arikara!samples!(p=0.027),!where!females!have!
larger!AT!compared!to!males!in!both!samples.!Although!no!significant!differences!
were!observed!between!males!and!females!in!the!Campbell!sample,!a!similar!
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trend!of!higher!AT!in!females!is!observed.!In!the!Terry!sample,!the!opposite!
pattern!is!observed,!where!males!have!a!slightly!larger!AT!compared!to!females,!
however!these!were!non=significant!results!(p=0.158).!
Table!4!presents!descriptive!statistics!for!CSG!properties!for!the!pooled!
sample,!and!the!samples!divided!by!subsistence!group,!and!by!sex.!Among!
subsistence!groups,!the!Indian!Knoll!sample!(which!has!the!highest!AT:!28º)!
exhibited!significantly!greater!values!in!Imax/Imin,!(p<0.001),!Ix/Iy!(p=0.002),!and!
theta!(p<0.001)!than!the!Terry!sample!(which!had!the!lowest!AT:!11º)!at!both!the!
80%!and!50%!locations,!although!significance!was!not!reached!for!Imax/Imin!at!
50%.!The!Arikara!and!Campbell!samples,!which!have!the!same!AT!(22º),!did!not!
significantly!differ!in!Imax/Imin,!Ix/Iy,!or!theta!at!either!the!80%!or!50%!locations.!The!
Indian!Knoll!exhibits!significantly!greater!values!from!the!Arikara!sample!in!
Imax/Imin!at!both!the!80%!and!50%!locations!(p≤0.039).!The!Indian!Knoll!sample!
exhibits!significantly!greater!values!of!Imax/Imin!at!80%!and!in!theta!at!50%!from!
the!Campbell!sample.!The!Terry!sample!exhibits!significantly!lower!values!from!
all!other!samples!in!Imax/Imin,!Ix/Iy,!and!theta!at!the!80%!location.!At!the!50%!
location,!however,!the!Terry!sample!exhibits!significantly!lower!values!in!the!Ix/Iy!
property!from!all!other!samples,!and!in!theta!from!the!Indian!knoll!and!Arikara!
samples,!only!(Table!5).!!
Within!subsistence!groups,!few!significant!differences!were!observed!
between!males!and!females!in!CSG!properties!(Table!8).!Within!the!Indian!Knoll!
sample,!females!exhibited!significantly!greater!values!of!Imax/Imin!(p<0.001)!at!
80%!location,!however!males!exhibited!greater!Imax/Imin!values!(p=0.001)!at!50%!
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location.!Within!the!Arikara!sample,!males!exhibited!significantly!greater!values!
in!the!CSG!properties!of!Imax/Imin!(p=0.003),!Ix/Iy!(p=0.004),!and!theta!(p=0.023)!at!
the!50%!location!only,!with!non=significant!differences!in!the!80%!of!the!same!
properties.!In!the!Campbell!sample,!a!singular!difference!was!observed,!where!
males!exhibited!significantly!greater!values!of!Imax/Imin!(p=0.008)!at!the!50%!
location.!Within!the!Terry!sample,!no!significant!differences!between!males!and!
females!in!the!properties!of!Imax/Imin,!Ix/Iy,!or!theta!at!either!bone!location!(Table!
6).!
!
DISCUSSION!
As!predicted,!lower!NSA!are!significantly!correlated!with!greater!measures!
of!diaphyseal!axial!and!bending!rigidity,!with!the!largest!effect!observed!along!the!
mediolateral!axis!in!the!proximal!femur.!Greater!AT!are!correlated!with!more!
elliptical!cross=sections!as!the!proximal!shaft!shifts!anteriorly!toward!the!plane!of!
antetorsion.!Taken!together,!this!suggests!that!a!significant!proportion!of!the!
variation!in!structural!morphology!can!be!explained,!in!part,!by!variation!in!
proximal!femoral!angulation.!!!!
Numerous!studies!have!demonstrated!a!significant!relationship!between!
the!degree!of!declination!in!NSA!and!activity!levels!during!development,!and!
suggest!that!NSA!is!principally!influenced!by!changing!load!levels!experienced!
about!the!hip!prior!to!skeletal!maturity!(Anderson!&!Trinkaus,!1998r!Houston!&!
Zaleski,!1967r!Humphry,!1889r!Trinkaus,!1993).!In!general,!these!studies!report!
a!significant!trend!of!increasing!NSA!with!increasing!sedentism!generally!
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associated!with!the!subsistence!transition!from!hunter!gathering!to!more!urban!or!
industrial!societies.!In!contrast!to!these!studies,!no!significant!trend!was!
observed!between!NSA!and!subsistence!economies!in!this!study.!In!fact,!only!a!
single!significant!difference!was!observed!in!NSA,!where!the!Arikara!sample!had!
significantly!lower!NSA!(122º)!compared!to!all!other!samples!(125º),!regardless!
of!subsistence!economy.!Moreover,!examination!of!the!boxplots!(Fig.!4a)!reveals!
that!the!range$of!variation!in!NSA!is!similar!within!each!subsistence!group.!Thus,!
while!NSA!does!vary!among!human!populations,!within=group!variation!is!
relatively!greater!than!among=group!variation!and!likely!reflects!intra=populational!
differences!in!ambulatory!behaviors!that!vary!widely!between!individuals!
(Gilligan,!2010r!Gilligan,!Chandraphak,!&!Mahakkanukrauh,!2013r!Toogood!et!
al.,!2009r!Wilson!&!Geiger,!2015).!!!
In!contrast!to!NSA,!a!general!trend!of!decreasing!AT!was!observed!with!
the!transition!from!hunter=gatherers!to!industrial!samples!in!this!study,!and!this!
pattern!of!decreasing!AT!is!paralleled!by!a!general!trend!toward!more!circular!
diaphyses.!The!AT!was!highest!in!the!hunter=gatherer!sample!(28º),!intermediate!
in!the!horticultural!and!agricultural!samples!(22º),!and!lowest!in!the!industrial!
sample!(11º).!Moreover,!examination!of!the!boxplots!(Fig.!4b)!reveal!a!narrowing!
in!the!range!of!variation!with!the!transition!from!hunter=gatherer!to!the!industrial!
samples.!This!suggests!that!the!AT!varies!widely!both!among!and!within!human!
populations,!and!likely!reflects!the!wide!variation!in!postural!behaviors!adopted!
among!different!individuals!within!different!populations!(Hewes,!1955).!!
!! 76!
If!NSA!reflects!the!level!of!axial!mechanical!loading!during!development,!
then!the!general!lack!of!significant!differences!in!NSA!and!the!similar!ranges!of!
intra=populational!variation!in!NSA!among!subsistence!groups!suggest!that!the!
level!of!activity!during!the!development!span!was!similar!among!samples.!This!is!
similarly!reflected!in!the!measures!of!axial!and!bending!rigidity!of!the!proximal!
diaphysis,!where!NSA!has!been!shown!to!have!the!largest!potential!effect.!The!
same!general!pattern!at!both!80%!and!50%!bone!locations!is!observed,!whereby!
the!Arikara!has!the!lowest!NSA!(p<0.001)!and!the!greatest!values!of!TA,!CA,!and!
J!at!80%!compared!to!the!Indian!Knoll!and!Terry!samples.!This!is!not!to!suggest!
that!there!were!not!differences!in!activity$patterns!among!these!samples,!as!
there!most!certainly!were.!It!remains!possible,!however,!that!while!the!patterns!of!
activity!likely!differed!among!these!group,!the!level!of!mechanical!loading!that!
would!signal!an!osteogenic!response!in!the!declination!of!NSA!during!
development!was!likely!similar.!Support!for!this!paradoxical!claim!is!found!in!a!
recent!study!that!reports!similar!amounts!of!inactivity!between!hunter=gatherer!
and!industrialist!populations!(Raichlen!et!al.,!2016).!The!authors!found!that!a!
modern!group!of!hunter!gatherers!(Hadza)!spend!an!equivalent!amount!of!time!
(hours/day)!sedentary!as!a!group!of!modern!industrialists.!However,!in!
comparison!to!the!industrial!group!who!spend!a!large!amount!of!time!chair=
sitting,!the!hunter=gatherer!population!spent!more!time!engage!in!“active”!resting!
postures,!such!as!ground=sitting!or!squatting,!which!requires!a!significantly!
greater!amount!of!muscle!activity!than!chair=siting!(Raichlen!et!al.,!2016).!These!
differences!in!postural!behaviors!would!differentially!stimulate!the!magnitude!and!
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pattern!of!muscular!activity!experienced!at!the!hip,!however,!they!would!not!be!
expected!to!influence!the!level!of!axial!loading!to!which!NSA!is!most!sensitive.!!
If!the!level!of!mechanical!loading!was!relatively!similar!among!these!
subsistence!groups,!but!they!engaged!in!different!active!resting!postures,!then!it!
might!be!expected!that!their!AT!would!significantly!differ,!as!they!do.!To!recall,!
the!prenatal!increase!in!the!AT!observed!in!utero!is!related!to!the!production!of!a!
first=degree!lever!system!on!the!femur,!which!results!in!a!torque!moment!in!the!
proximal!femur!(Bonneau!et!al.,!2011r!Le!Damany,!1903,!1914r!Tardieu,!2010r!
Upadhyay!et!al.,!1990).!The!postnatal!decline!in!the!AT!is!a!consequence!of!
changing!muscular!forces,!capsular!restriction,!and!weight!distribution!
experienced!at!the!hip!during!gait!development!(Guidera!et!al.,!1994r!Bonneau!et!
al.,!2011r!Roberts,!1962).!When!a!squatting!posture!is!routinely!and!habitually!
engaged,!a!similar!mechanical!environment!is!imposed!on!the!femur.!When!
squatting,!the!hip!is!flexed!and!the!femur!acts!as!a!beam!that!is!fixed!distally!at!
the!knee!and!a!resistance!force!is!placed!at!the!proximal!femur.!This!places!
relatively!greater!shear!stresses!along!the!posterior!physeal!surface,!thereby!
promoting!growth!along!the!anterior!surface!and!consequently!results!in!greater!
AT.!The!resultant!larger!AT!works!to!better!align!the!femoral!neck!orientation!with!
the!mechanical!loadings!of!a!flexed!hip,!which!minimizes!the!mechanical!loading!
stresses!experienced!during!squatting!postures!by!effectively!reducing!the!lever!
arm!length!of!the!femoral!neck.!This!phenomenon!has!been!observed!in!children!
who!routinely!adopt!a!squatting!posture!commonly!referred!to!as!“reversed!tailor!
positon”!or!“W=sitting”!and!generally!exhibit!larger!AT!(Crane,!1959r!Knight,!1954r!
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Salter,!1966).!Similarly,!larger!AT!have!been!experimentally!demonstrated!in!
rabbits!which!were!constrained!in!postures!which!habitually!placed!the!lower!limb!
in!medial!rotation!(Appleton,!1934r!Arkin!&!Katz,!1956).!It!should!be!noted,!
however,!that!while!certain!postural!behaviors!may!influence!the!AT,!larger!AT!
are!not!necessarily!observed!in!all!“squatting!populations”!(Patil,!Kate,!&!Dubey,!
1966r!Prasad!et!al.,!1996),!as!the!personal!preference!in!postural!behaviors!has!
been!shown!to!vary!widely!among!geographic!populations,!sexes,!maturational!
groups,!and!individuals!(Hewes,!1955r!Schultz,!Nguyen,!&!Schmitz,!2008r!
Wescott.!Cunningham,!&!Hunt,!2014).!!
No!significant!differences!were!found!in!the!distributions!or!medians!of!
NSA!between!males!and!females!in!any!sample!(p=0.771),!and!it!was!highly!
variable!as!to!which!sex!had!the!larger!angle.!In!some!samples,!females!had!
larger!NSA!compared!to!malesr!males!had!larger!NSA!compared!to!femalesr!or!
NSA!was!equivocal!between!males!and!females.!These!results!are!similar!to!
other!studies!that!report!no!significant!sexual!dimorphism!in!NSA!(Gilligan!et!al.,!
2013r!Lee!et!al.,!2011r!Nobel!et!al.,!1995r!Reikeras!&!Hoiseth,!1982r!Toogood!et!
al.,!2009).!In!the!few!studies!that!have!suggested!the!presence!of!sexual!
dimorphism!in!NSA,!these!differences!are!minimal,!within!the!range!of!error,!and!
inconsistent!as!to!which!sex!is!larger!(Anderson!&!Trinkaus,!1998).!If!NSA!
reflects!the!level!of!mechanical!loading!during!development,!then!this!lack!of!
dimorphism!between!sexes!is!not!surprising!given!the!similar!locomotor!
constraints!between!males!and!females!during!development!(Norlin,!Odenrick,!&!
Sandlund,!1981r!Sutherland,!1997r!Sutherland,!Olsen,!Cooper,!&!Woo,!1980),!
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and!there!is!no!tenable!reason!to!assume!that!there!was!an!appreciable!
difference!in!the!level!of!mechanical!loading!between!sexes!during!their!
developmental!years!in!this!study!sample.!While!no!significant!differences!in!
NSA!were!observed!between!males!and!females,!males!exhibited!greater!values!
of!axial!and!mediolateral!rigidity!across!the!samples,!even!if!significance!was!not!
reached!in!all!samples.!Taken!together,!these!results!suggest!similar!levels!of!
axial!loading!among!diverse!subsistence!groups,!and!between!males!and!
females!across!the!developmental!span,!and!provides!support!for!the!recent!calls!
to!re=examine!the!assumption!of!a!generalized!trend!of!gracilization!associated!
with!the!transition!toward!industrialization!within!the!Holocene,!as!the!response!
to!this!transition!is!variable!and!context!specific!(Clementz!and!Magennis,!2016).!!
A!significant!difference!in!the!distributions!and!medians!of!AT!was!
observed!between!males!and!females!(p<0.001),!with!females!generally!having!
larger!AT!compared!to!males!across!the!study!sample,!as!a!whole.!The!singular!
exception!was!noted!in!the!industrial!sample,!where!males!exhibited!larger!AT!
compared!to!females,!however,!this!difference!was!non=significant.!In!
comparison!with!other!studies,!many!report!greater!antetorsion!in!females!
compared!to!males!(Bonneau!et!al.,!2012r!Kate,!1976r!Kingsley!&!Olmstead,!
1948r!Parsons,!1914r!Yoshioka!&!Cooke,!1987r!Wescott!et!al.,!2014).!Other!
studies!(Toogood!et!al.,!2009),!however!have!reported!greater!torsion!angles!in!
males!compared!to!females,!or!no!sexual!dimorphism!at!all!(Prasad!et!al.,!1996).!
This!is!reflected!in!a!similar!trend!of!more!elliptical!proximal!diaphyses!is!
observed!in!females!compared!to!males,!although!this!trend!is!largely!non=
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significant!at!this!bone!location.!Taken!together,!this!suggests!large!variation!in!
postural!behaviors!among!subsistence,!and!between!males!and!females!within!
subsistence!groups!(Eckhoff!et!al.,!1994r!Wescott!et!al.,!2014).!!
In!reconstructing!behavioral!activity!from!skeletal!remains,!femoral!
diaphyseal!shape!is!commonly!used!to!infer!levels!and!patterns!of!mechanical!
loading,!where!a!higher!shape!ratio!is!purported!to!represent!greater!AP!relative!
to!ML!bending!rigidity,!and!thereby!a!reflection!of!greater!mobility!in!populations!
and!individuals.!Due!to!its!utility!in!evaluating!mobility!patterns,!these!indices!
were!labeled!as!the!“mobility!index”!at!one!time!in!appreciation!of!this!attribute!
(Larsen,!1997).!However,!as!Wescott!and!colleagues!(2014)!correctly!point!out,!
this!“mobility!index”!is!only!useful!when!we!understand!the!proportionality!of!the!
ratio,!since!a!greater!ratio!may!result!from!increased!values!of!AP!or!decreased!
values!of!ML.!If!NSA!and!AT!differentially!affect!ML!and!AP!values,!respectively,!
which!in!turn!would!affect!resultant!shape!ratios,!consideration!of!the!variation!in!
these!angles!among!populations!and!between!individuals!is!warranted!in!any!
behavioral!reconstruction!analysis.!!
!
CONCLUSIONS!
Variation!in!the!angular!alignment!of!the!proximal!femur!has!been!shown!
to!influence!the!load!distribution!along!the!long!axis!of!the!femur!(Heller!et!al.,!
2001).!While!this!phenomenon!has!received!vast!attention!within!clinical!and/or!
orthopedic!contexts,!it!has!received!limited!attention!within!a!bioarchaeological!
context.!This!paper!sought!to!examine!the!potential!influence!of!proximal!femoral!
!! 81!
angulation!on!the!diaphyseal!morphology!among!a!diverse!sample!of!femora!
from!variable!subsistence!economies.!Results!from!this!study!support!this!
purported!influential!relationship!between!angular!and!structural!morphology,!and!
suggest!that!variation!diaphyseal!morphology!may!be!influenced,!in!part,!by!
variation!in!the!proximal!femoral!angles.!NSA!was!found!to!have!the!greatest!
effect!on!measures!of!ML!diaphyseal!rigidity!in!the!proximal!femur,!while!AT!was!
found!to!have!the!greatest!effect!on!measures!the!orientation!of!maximum!
bending!rigidity!in!the!proximal!femur.!Results!from!this!study!highlight!the!
multifactorial!processes!that!might!influence!the!robusticity!and!shape!of!the!
femur,!and!suggest!that!a!variety!of!ambulatory!and!non=ambulatory!habitual!
activities,!which!might!influence!femoral!angles,!may!affect!the!cross=sectional!
geometry!of!the!femur.!Given!these!influential!properties,!caution!should!be!
warranted!when!comparing!diaphyseal!robusticity!and!shape!among!populations!
that!differ!in!femoral!angles.!!!
!
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FIGURES!
!
!
!
!
!
FIGURE'1.'Landmarks!used!to!determine!planes!and!angles!used!in!this!study.!C:!center!
of!head;!N:!center!of!neck;!P:!midpoint!at!subtrochanteric!region;!D:!midpoint!at!
supracondylar!region;!Cn:!cervical!plane!of!femur;!Tc:!transcondylar!plane!of!femur;!Pd:!
longitudinal!axis!of!femur.!NSA!is!the!angle!between!Cn!plane!and!Pd!plane,!viewed!in!
the!frontal!plane!(a).!AT!is!angle!between!Cn!and!Tc!plane,!viewed!in!the!coronal!plane!
(b)!!
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FIGURE'2.''OLS!Regression!plots!for!the!neckSshaft!angle.!
!
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FIGURE'3.!!OLS!Regression!plots!for!the!torsion!angle.!
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a!
! ! ! ! ! ! ! ! ! ! !
b!
!
FIGURE'4.!!Boxplot!distributions!of!neckSshaft!angle!(a)!and!torsion!angle!(b)!for!each!
sample!in!this!study.!Gradation!of!gray!shading!indicates!a!significantly!different!angle!
from!other!samples!(p<0.001)!
!
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TABLES!
!
Sample Institution Subsistence0 Approx.0Time0Period N
Indian0Knoll NMNH;0Univ.0Kentucky HunterAgatherers 5000A25000BP 54
Arikara NMNH Horticulturalists 1600A18450AD 107
Campbell Univ.0Missouri Agriculturalists 1650A15400AD 54
Terry NMNH Urban/Industrialists 1828A1943 64
Total=279
TABLE&1.&&Sample&description,&housing&institution,&subsistence,&time&period,&and&sample&size
!
!
!
!
!
!
!
!
!
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Section Property r r2 p r r2 p r r2 p
80% TA 20.245 0.060 <0.001 20.184 0.034 0.043 20.272 0.074 0.001
CA 20.180 0.033 0.003 20.192 0.037 0.034 20.128 0.016 0.124
Ix 20.243 0.059 <0.001 20.196 0.038 0.030 20.260 0.068 0.002
Iy 20.394 0.155 <0.001 20.353 0.125 <0.001 20.415 0.172 <0.001
Imax 20.410 0.168 <0.001 20.396 0.157 <0.001 20.412 0.170 <0.001
Imin 20.189 0.036 0.002 20.122 0.015 0.181 20.217 0.047 0.009
J 20.352 0.124 <0.001 20.315 0.099 <0.001 20.368 0.135 <0.001
Ix/Iy 0.169 0.029 0.005 0.185 0.034 0.041 0.146 0.021 0.079
Imax/Imin 20.253 0.064 <0.001 20.277 0.077 0.002 20.267 0.071 0.001
Theta 0.062 0.004 0.316 0.098 0.010 0.290 0.023 0.001 0.787
50% TA 20.174 0.030 0.004 20.147 0.021 0.109 20.156 0.024 0.058
CA 20.153 0.023 0.012 20.191 0.037 0.036 20.071 0.005 0.394
Ix 20.143 0.021 0.018 20.135 0.018 0.139 20.108 0.012 0.191
Iy 20.355 0.126 <0.001 20.333 0.111 <0.001 20.356 0.127 <0.001
Imax 20.231 0.053 <0.001 20.239 0.057 0.008 20.193 0.037 0.019
Imin 20.281 0.079 <0.001 20.267 0.071 0.003 20.272 0.074 0.001
J 20.264 0.070 <0.001 20.260 0.068 0.004 20.241 0.058 0.003
Ix/Iy 0.260 0.068 <0.001 0.312 0.098 <0.001 0.265 0.070 0.001
Imax/Imin 0.042 0.002 0.493 0.045 0.002 0.625 0.095 0.009 0.249
Theta 0.185 0.034 0.003 0.257 0.066 0.005 0.132 0.018 0.113
Section Property r r2 p r r2 p r r2 p
80% TA 0.071 0.005 0.260 20.186 0.035 0.044 0.191 0.036 0.028
CA 0.037 0.001 0.559 0.015 0.000 0.876 0.013 0.000 0.880
Ix 0.253 0.064 <0.001 0.236 0.056 0.010 0.387 0.150 <0.001
Iy 0.170 0.029 0.007 20.227 0.052 0.013 20.031 0.001 0.719
Imax 0.186 0.035 0.003 0.183 0.033 0.048 0.293 0.086 0.001
Imin 0.210 0.044 0.001 20.301 0.091 0.001 20.017 0.000 0.847
J 0.041 0.002 0.513 20.006 0.000 0.946 0.196 0.038 0.024
Ix/Iy 0.528 0.279 <0.001 0.520 0.271 <0.001 0.556 0.309 <0.001
Imax/Imin 0.503 0.253 <0.001 0.564 0.415 <0.001 0.415 0.172 <0.001
Theta 0.530 0.281 <0.001 0.520 0.270 <0.001 0.563 0.317 <0.001
50% TA 0.135 0.018 0.031 20.233 0.054 0.012 0.106 0.011 0.223
CA 0.004 0.000 0.944 0.104 0.011 0.265 0.021 0.000 0.805
Ix 0.021 0.000 0.745 20.037 0.001 0.694 0.144 0.013 0.187
Iy 0.096 0.009 0.128 20.140 0.019 0.133 0.035 0.001 0.683
Imax 0.098 0.010 0.121 20.124 0.015 0.181 0.038 0.001 0.668
Imin 0.020 0.000 0.750 20.087 0.007 0.353 0.139 0.019 0.109
J 0.071 0.005 0.259 20.113 0.013 0.223 0.082 0.007 0.341
Ix/Iy 0.093 0.009 0.139 0.157 0.025 0.092 0.102 0.010 0.240
Imax/Imin 0.139 0.019 0.026 20.086 0.007 0.358 20.134 0.018 0.122
Theta 0.103 0.011 0.108 0.052 0.003 0.580 0.172 0.030 0.049
TABLE&2.&ln&transformed&cross5sectional&geometric&properties&on&ln(NSA)&and&ln(AT)
PooledF(N=274) FemalesF(N=126) MalesF(N=148)
PooledF(N=274) FemalesF(N=126) MalesF(N=148)
ln(NSA)
ln(AT)
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Sample Sex N median IQR Range median IQR Range
Pooled Pooled 279 123 6 34 20 52 52
Female 129 124 6 28 22 17 51
Male 150 123 5 34 19 11 43
Indian>Knoll Pooled 54 125 4 22 28 29 29
Female 23 124 5 20 35 13 18
Male 31 125 1 16 22 8 16
Arikara Pooled 107 122 6 24 22 9 50
Female 46 122 6 18 25 44 44
Male 61 121 6 24 21 8 43
Campbell Pooled 54 125 4 18 22 12 32
Female 28 125 5 18 22 13 32
Male 26 125 4 10 20 11 27
Terry Pooled 64 125 7 28 11 2 31
Female 32 125 5 28 10 2 30
Male 32 123 8 25 11 3 20
NSA° Tosion°
TABLE&3.&Medians,&interquartile&ranges,&ranges,&and&sample&sizes&for&femoral&angles&
!
!
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Property Sample N Mean Std.1Dev. N Mean Std.1Dev. N Mean Std.1Dev.
TAa Indian1Knoll 54 8.272 1.070 23 7.554 0.893 31 8.793 0.898
Arikara 107 9.726 1.120 46 8.949 0.869 61 10.324 0.906
Campbell 51 9.363 1.015 27 9.211 1.071 24 9.528 0.962
Terry 62 8.753 0.834 30 8.557 0.804 32 8.926 0.834
CAa Indian1Knoll 54 6.298 0.879 23 5.912 0.807 31 6.605 0.828
Arikara 107 6.688 0.914 46 6.154 0.678 61 7.099 0.862
Campbell 51 7.410 0.896 27 7.089 0.874 24 7.801 0.793
Terry 62 6.169 0.728 30 5.913 0.726 32 6.395 0.662
Ixb Indian1Knoll 54 0.160 0.036 23 0.146 0.028 31 0.169 0.039
Arikara 107 0.232 0.051 46 0.205 0.040 61 0.254 0.048
Campbell 51 0.214 0.055 27 0.209 0.059 24 0.218 0.052
Terry 62 0.161 0.032 30 0.155 0.025 32 0.167 0.036
Iyb Indian1Knoll 54 0.174 0.438 23 0.157 0.046 31 0.187 0.039
Arikara 107 0.250 0.052 46 0.224 0.043 61 0.270 0.050
Campbell 51 0.237 0.052 27 0.226 0.053 24 0.251 0.050
Terry 62 0.200 0.039 30 0.192 0.044 32 0.207 0.034
Imaxb Indian1Knoll 54 0.225 0.048 23 0.211 0.050 31 0.234 0.046
Arikara 107 0.317 0.059 46 0.284 0.046 61 0.342 0.055
Campbell 51 0.291 0.061 27 0.281 0.060 24 0.300 0.063
Terry 62 0.214 0.040 30 0.206 0.042 32 0.221 0.037
Iminb1 Indian1Knoll 54 0.109 0.029 23 0.091 0.021 31 0.122 0.027
Arikara 107 0.166 0.039 46 0.145 0.031 61 0.182 0.037
Campbell 51 0.160 0.041 27 0.154 0.045 24 0.168 0.035
Terry 62 0.148 0.030 30 0.141 0.025 32 0.153 0.033
Jb Indian1Knoll 54 0.334 0.072 23 0.302 0.068 31 0.356 0.069
Arikara 107 0.483 0.091 46 0.429 0.070 61 0.524 0.083
Campbell 51 0.451 0.093 27 0.435 0.096 24 0.468 0.090
Terry 62 0.362 0.064 30 0.347 0.061 32 0.374 0.064
Imax/Imin Indian1Knoll 54 2.107 0.345 23 2.326 0.302 31 1.948 0.291
Arikara 107 1.954 0.324 46 1.996 0.330 61 1.921 0.318
Campbell 51 1.865 0.362 27 1.885 0.381 24 1.814 0.326
Terry 62 1.472 0.224 30 1.469 0.276 32 1.475 0.232
Ix/Iy Indian1Knoll 54 0.947 0.200 23 0.976 0.228 31 0.923 0.181
Arikara 107 0.947 0.186 46 0.937 0.198 61 0.954 0.178
Campbell 51 0.919 0.223 27 0.940 0.232 24 0.887 0.217
Terry 62 0.818 0.140 30 0.827 0.151 32 0.810 0.132
Theta Indian1Knoll 54 41.686 8.678 23 43.554 8.534 31 40.122 8.754
Arikara 107 40.757 10.460 46 39.428 10.394 61 41.749 10.487
Campbell 51 38.913 14.027 27 39.883 14.761 24 37.405 13.522
Terry 62 26.767 16.677 30 28.827 18.109 32 24.958 15.362
bStandardized1by1body1mass1x1bone1length2
aStandardized1by1body1mass
Sexes1Pooled Females Males
TABLE&4.&Descriptive&statistics&for&cross5sectional&geometric&properties&at&80%&bone&length&(subtrochanteric&region)
!
!
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Property Sample N Mean Std.1Dev. N Mean Std.1Dev. N Mean Std.1Dev.
TAa Indian1Knoll 54 7.500 0.996 23 6.824 0.969 31 8.000 0.712
Arikara 107 8.502 0.967 46 7.761 0.682 61 9.060 0.752
Campbell 51 8.682 0.878 27 8.379 0.734 24 9.022 0.934
Terry 62 7.819 0.730 30 7.630 0.697 32 7.986 0.729
CAa Indian1Knoll 54 6.210 0.908 23 5.731 1.011 31 6.589 0.616
Arikara 107 6.396 0.952 46 5.796 0.662 61 6.848 0.883
Campbell 51 7.271 0.887 27 6.853 0.621 24 7.778 0.895
Terry 62 5.739 0.704 30 5.493 0.683 32 5.955 0.658
Ixb Indian1Knoll 54 0.149 0.040 23 0.127 0.036 31 0.165 0.036
Arikara 107 0.197 0.047 46 0.166 0.028 61 0.221 0.045
Campbell 51 0.201 0.043 27 0.185 0.028 24 0.219 0.051
Terry 62 0.145 0.027 30 0.137 0.020 32 0.152 0.030
Iyb Indian1Knoll 54 0.124 0.028 23 0.113 0.033 31 0.132 0.022
Arikara 107 0.176 0.035 46 0.157 0.025 61 0.191 0.035
Campbell 51 0.184 0.035 27 0.173 0.026 24 0.198 0.040
Terry 62 0.150 0.031 30 0.146 0.034 32 0.154 0.027
Imaxb Indian1Knoll 54 0.159 0.041 23 0.135 0.037 31 0.177 0.035
Arikara 107 0.211 0.050 46 0.178 0.029 61 0.236 0.049
Campbell 51 0.219 0.047 27 0.198 0.031 24 0.243 0.052
Terry 62 0.168 0.034 30 0.159 0.034 32 0.175 0.033
Iminb Indian1Knoll 54 0.114 0.025 23 0.105 0.029 31 0.120 0.020
Arikara 107 0.164 0.030 46 0.148 0.024 61 0.177 0.029
Campbell 51 0.166 0.027 27 0.160 0.022 24 0.173 0.031
Terry 62 0.127 0.019 30 0.123 0.018 32 0.131 0.020
Jb Indian1Knoll 54 0.272 0.063 23 0.240 0.064 31 0.297 0.052
Arikara 107 0.375 0.074 46 0.326 0.050 61 0.412 0.068
Campbell 51 0.385 0.069 27 0.358 0.049 24 0.417 0.077
Terry 62 0.295 0.050 30 0.283 0.048 32 0.306 0.050
Imax/Imin Indian1Knoll 54 1.392 0.205 23 1.290 0.162 31 1.474 0.195
Arikara 107 1.290 0.242 46 1.212 0.130 61 1.349 0.287
Campbell 51 1.322 0.201 27 1.242 0.135 24 1.413 0.229
Terry 62 1.319 0.176 30 1.292 0.186 32 1.344 0.166
Ix/Iy Indian1Knoll 54 1.214 0.243 23 1.155 0.241 31 1.259 0.241
Arikara 107 1.130 0.229 46 1.060 0.142 61 1.183 0.266
Campbell 51 1.103 0.200 27 1.078 0.143 24 1.125 0.250
Terry 62 0.990 0.194 30 0.971 0.176 32 1.007 0.209
Theta Indian1Knoll 54 62.230 21.172 23 59.526 25.513 31 63.642 17.739
Arikara 107 56.214 21.083 46 50.577 22.687 61 60.322 18.990
Campbell 51 42.543 15.759 27 47.098 15.926 24 36.984 14.346
Terry 62 41.894 23.459 30 41.991 22.230 32 41.808 24.833
bStandardized1by1body1mass1x1bone1length2
TABLE&4,&cont.d.&Descriptive&statistics&for&cross8sectional&geometric&properties&at&50%&bone&length&(midshaft&region)
Sexes1Pooled Females Males
aStandardized1by1body1mass
!
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Indian&Knoll Arikara Campbell Terry
Indian&Knoll TA <0.001 <0.001 0.023
CA 0.030 <0.001
Ix <0.001 <0.001
Iy <0.001 <0.001 0.001
Imax <0.001 <0.001
Imin <0.001 <0.001 <0.001
J <0.011 <0.001
Imax/Imin 0.039 0.001 <0.001
Ix/Iy 0.002
Theta <0.001
Arikara TA <0.001 <0.001
CA <0.001 0.001
Ix <0.001 <0.001
Iy <0.001 <0.001
Imax <0.001 0.034 <0.001
Imin <0.001 0.015
J <0.001 <0.001
Imax/Imin 0.008 <0.001
Ix/Iy <0.001
Theta <0.001
Campbell TA <0.001 0.011
CA <0.001 <0.001 <0.001
Ix <0.001 <0.001
Iy <0.001 <0.001
Imax <0.001 <0.001
Imin <0.001
J <0.001 <0.001
Imax/Imin <0.001
Ix/Iy 0.045
Theta 0.011 <0.001
Terry TA <0.001 <0.001
CA 0.017 <0.001 <0.001
Ix <0.001 <0.001
Iy <0.001 <0.001 <0.001
Imax <0.001 <0.001
Imin 0.002 <0.001 <0.001
J <0.001 <0.001
Imax/Imin
Ix/Iy <0.001 <0.001 0.009
Theta <0.001 <0.001
Femoral(midshaft((50%)(cross5sectional(properties
Femoral(subtrochanteric((80%)(cross5sectional(properties
TABLE&5.&Results&of&Tukey's&post5hoc&comparisons&of&cross5sectional&geometric&
properties&at&80%&and&50%&bone&locations.&
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Section
80% Indian.Knoll Arikara Campbell Terry
TAa M>F*** M>F***
CAa M>F** M>F*** M>F* M>F**
Ix
a M>F* M>F***
Iy
a M>F* M>F***
Imax
a M>F***
Imin
a M>F*** M>F***
Jb M>F** M>F***
Ix/Iy
b
Imax/Imin
b M<F***
Theta
50% Indian.Knoll Arikara Campbell Terry
TAa M>F*** M>F*** M>F*
CAa M>F*** M>F*** M>F*** M>F**
Ix
a .M>F*** M>F*** M>F* M>F*
Iy
a M>F* M>F*** M>F*
Imax
a M>F*** M>F*** M>F***
Imin
a M>F* M>F***
Jb M>F*** M>F*** M>F**
Ix/Iy
b M>F**
Imax/Imin
b M>F*** M>F** M>F**
Theta M>F*
TABLE&6 ..Results.from.Mann.WhitneyJU.tests.of.sex.differences.in.crossJ
sectional.geometric.properties
Sample
!
!
!
!
!
!
!
!
!
!
!
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!
!
!
CHAPTER!4!
!
PROXIMAL!AND!DISTAL!FEMORAL!ANGLES!AND!THE!HIP4CENTER4
SHAFT!ANGLE!
!
!
!
ABSTRACT!
!
Objectives:!This!study!examines!the!pattern!of!relationship!between!
femoral!neck=shaft!angle,!bicondylar!angle,!and!hip=center=shaft!angle!in!a!large!
sample!of!femora,!sampled!from!four!skeletal!collections.!
Materials!and!Methods:!A!total!of!279!femora!from!four!subsistence!
economies,!ranging!from!hunter=gatherers,!horticulturalists,!agriculturalists,!and!
industrialists,!were!measured.!Femoral!angles!of!neck=shaft,!bicondylar,!and!hip=
center=shaft!were!measured!using!a!goniometer!and!recorded!to!the!nearest!
degree.!Spearman’s!correlation!analysis!was!employed!to!evaluate!the!potential!
relationship!among!these!angles.!!
Results:!No!significant!relationship!was!observed!between!the!neck=shaft!
angle!and!bicondylar!angle!in!this!study.!Individuals!with!lower!neck=shaft!angles!
do!not!necessarily!have!greater!bicondylar!angles,!and!vice!versa.!Both!neck=
shaft!angle!and!bicondylar!angle,!however,!demonstrated!a!significant!
relationship!with!the!hip=center=shaft!angle.!A!larger!hip=center=femoral!angle!is!
associated!with!lower!neck=shaft!angles!and!greater!bicondylar!angles!(p<0.001).!!
Discussion:!Although!NSA!and!BA!alter!during!development!in!
association!with!ambulatory!behavior,!data!suggest!that!the!modeling!response!
!! 103!
at!the!proximal!hip!and!distal!knee!response!independently.!Individuals!that!have!
lower!NSA!do!not!necessarily!have!greater!BA.!The!hip=center=shaft!angle!
(HCA),!which!approximates!the!load!axis!of!the!femur!through!the!proximal!and!
distal!centers!of!rotation,!may!act!as!a!compensatory!angle!for!this!disparity,!and!
requires!further!study.!
!
!
INTRODUCTION!
!
!
Forces!passing!through!the!lower!limb!are!influenced!by!the!angulation!
and!alignment!of!the!femur!under!the!body!(Nordin!&!Frankel,!1980).!The!
alignment!and!angulation!of!the!femur!in!the!frontal!plane!of!the!body!may!be!
described!by!two!angles:!neck=shaft!angle!(NSA)!and!bicondylar!angle!(BA).!The!
NSA!is!a!measure!of!the!degree!of!medial!inclination!of!the!head!and!neck!
relative!to!the!shaft!in!the!proximal!femur,!whereas!the!femoral!BA!is!a!measure!
of!knee!abduction!(Fig.!1).!The!NSA!at!the!proximal!femur!and!the!BA!at!the!
distal!femur!work!in!concert!to!position!the!knee!closer!to!the!center!of!gravity,!
thereby!permitting!one=legged!stance!during!bipedal!walking.!In!addition,!this!
movement!of!the!knee!closer!to!the!center!of!gravity!minimizes!transverse!shear!
stress!around!the!knee!during!locomotion!(Currey,!2006r!Hamill!&!Knutzen,!
1995r!Martin!&!Kivlan,!2011).!!!
Hip=center=shaft!angle!(HCA),!represents!the!load!axis!passing!through!
the!proximal!and!distal!points!of!rotation!at!the!hip!and!knee,!and!is!seldom!used!
within!anthropological!literature!(Fig.!1).!Only!two!direct!mentions!of!the!HCA!
(Yoshioka!and!Cooke,!1987r!Yoskioka,!Sui,!Cooke,!&!Chir,!1987)!and!one!
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indirect!mention!of!the!HCA!(Walmsley,!1933)!are!found!within!the!angulation!
literature.!The!lack!of!information!regarding!this!skeletal!feature!is!likely!due!to!
the!fact!that!this!is!not!a!widely!appreciated!standard!osteometric!dimensions,!
and!is!consequently!rarely!employed!or!studied!in!studies!of!dry!bone!femora.!
HCA!is!purported!to!represent!the!“functional!axis”!of!the!femur!and!is!a!close!
approximation!of!the!quadriceps!angle!(which!is!unmeasurable!in!dry!bone)!used!
in!clinical!assessment!of!the!angular!alignment!of!the!lower!limb.!It!remains!
unclear,!however,!how!and!if!these!three!measurements!relate!to!one!another.!!!
Both!NSA!and!BA!are!developmentally!plastic,!and!change!over!the!
course!of!development!in!response!acquisition!of!mature!gait!development,!and!
vary!widely!across!human!groups!and!among!subsistence!economies!(Anderson!
&!Trinkaus,!1998r!Gilligan,!Chandraphak,!&!Mahakkanukrauh,!2013r!Lundy,!
Ganey,!Ogden!&!Guidera,!1998r!Maquet,!1999r!Murray!&!Robb,!2006r!Ribble,!
Santare,!&!Miller,!2001r!Salter,!1966r!Shefelbine!&!Carter,!2004r!Shefelbine,!
Tardieu,!&!Carter,!2002r!Villemure!&!Stokes,!2009).!At!birth,!NSA!is!
characteristically!high,!ranging!between!approximately!140°!and!160°!in!most!
populations.!NSA!steadily!declines!with!until!early!adolescence,!and!the!
declination!is!stimulated!by!shifting!hip!joint!reaction!forces!associated!with!the!
acquisition!of!a!mature!gait!pattern.!Adult!values!of!approximately!125°!to!136°!
are!attained!at!the!time!of!epiphyseal!union,!with!no!further!changes!in!NSA!
observed!with!continued!maturation!(Shefelbine!&!Carter,!2004r!Humphry,!1889r!
Ribble!et!al.,!2001r!Shefelbine!&!Carter,!2004r!Toogood,!Skalak,!&!Cooperman,!
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2009r!Unnanuntana,!Toogood,!Hart,!Cooperman,!&!Grant,!2010r!Villemure!&!
Stokes,!2009).!!!
Similarly,!at!birth,!the!femoral!diaphysis!is!perpendicular!relative!to!the!
distal!metaphyseal!growth!plate!and!the!BA!is!not!significantly!different!from!0°!
(Tardieu,!2010).!The!angle!begins!to!increase!around!2!years!of!age,!associated!
with!the!initiation!of!independent!walking!in!the!child.!After!this!time,!the!angle!
steadily!increases!with!the!acquisition!of!a!mature!gait!pattern,!reaching!adult!
values!ranging!between!8°!and!11°!at!around!eight!years!of!age.!The!angle!
becomes!“fixed”!at!the!time!of!epiphyseal!union,!and!no!further!changes!are!
observed!with!continued!maturation!(Shefelbine!et!al.,!2002r!Tardieu,!1999,!
2010r!Tardieu!&!Damsin,!1997r!Tardieu!&!Trinkaus,!1994).!!The!development!of!
this!angle!has!been!noted!in!early!bipedal!hominins!(Heiple!&!Lovejoy,!1971r!
Walker,!1973),!and!is!frequently!used!as!a!functional!signal!of!bipedal!locomotion!
in!the!paleoanthropological!record.!Furthermore,!within!modern!humans,!males!
and!females!differ!in!mean!femoral!bicondylar!angle,!with!females!displaying!
higher!values!dues!to!their!relatively!wider!interacetabular!breadths!(Igbigbi!&!
Sharrif,!2005r!Pandya,!Singel,!Patel,!&!Gohil,!2008r!Mwakikunga,!Katundu,!
Msamati,!Adefolaju,!&!Schepartz,!2016).!While!previous!research!has!suggested!
a!relationship!between!NSA!and!BA!in!subadults!(n=20)!(Tardieu!&!Damsin,!
1997),!this!relationship!has!yet!to!be!explored!in!adults.!
Understanding!the!relationship!among!NSA,!BA,!and!HCA!is!important!in!
biomechanical,!therapeutic,!anthropological!contexts.!First,!these!angles!have!
clinical!importance!in!orthopaedic!and!therapeutic!research!focused!on!
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ambulatory!impairment!and!disabilities!associated!with!the!hip!and!knee,!
respectively.!A!valgus!alignment!is!associated!with!congenital!subluxation!and!
dislocation!of!the!hip,!poliomyelitis,!cerebral!palsy,!and!idiopathic!scoliosisr!while!
a!varus!alignment!is!associated!with!Legg=Calvé=Perthes’!disease!and!slipped!
capital!femoral!epiphysis!(Beaty,!1992a,!br!Bobroff,!Chambers,!Sartoirus,!Wyatt,!
&!Sutherland,!1999r!Canale,!1992r!Sage,!1992r!Yamaguchi,!1993).!Second,!
biomechanical!analyses!of!female!athletes!have!linked!larger!femoral!bicondylar!
angles!to!higher!levels!of!ligamentous!knee!injuries!(Ford,!Myer,!&!Hewett,!2003r!
Ford,!Myer,!Toms,!&!Hewett,!2005r!McLean,!Lipfert,!&!van!der!Bogert,!2004).!
Third,!functional!analyses!of!these!angles!in!anthropology!have!linked!variation!in!
NSA!and!BA!to!patterns!in!subsistence!strategy!(Anderson!&!Trinkaus,!1993r!
Houston!&!Zaleski,!1967r!Humphry,!1889r!Larsen,!1997r!Walmsley,!1915),!
locomotion,!and!most!recently!cross=sectional!geometry!(Child,!this!volume).!
Greater!understand!on!how!the!functional!angles!of!the!femur!relate!to!one!
another!is!likely!to!improve!our!knowledge!of!activity!pattern!variation!in!the!past.!
! Therefore,!the!aim!of!this!project!is!to!assess!the!potential!pattern!of!
relationship!between!the!proximal!and!distal!centers!of!rotation!of!the!femur.!The!
relationship!between!the!femoral!angles!of!NSA!and!BA!are!examined,!and!each!
angle!is!assessed!in!relation!to!the!seldom!used!hip=center=shaft!angle!(n=279).!
The!following!two!research!questions!are!explored:!!
1)! How!does!the!angulation!of!the!proximal!femur!relate!to!the!angulation!
of!the!distal!femur?!!
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2)! How!do!these!angles!(NSA!and!BA)!relate!to!the!lesser!known!hip=
center=shaft!angle!(HCA)?!!
!
MATERIALS!
!
! A!total!of!279!adult!femora!were!examined!in!order!to!evaluate!the!
potential!relationships!among!femoral!angles.!The!femora!were!selected!from!
four!skeletal!collections!that!include!individuals!from!variable!subsistence!
economies!(ranging!from!hunter=gatherer,!horticulturalist,!agriculturalist,!and!
industrial!societies)!(Table!1).!The!study!sample!was!selected!to!represent!a!
diverse!group!of!individuals,!which!have!been!previously!shown!to!significantly!
differ!in!the!angulation!of!the!femur!(p<0.001)!at!the!proximal!and!distal!ends!
(Child,!this!volume).!More!detailed!description!of!the!samples!used!are!available!
elsewhere!(Child,!in!prep).!The!right!and/or!left!femur!was!selected!for!
mensuration!based!on!completeness,!epiphyseal!union,!and!a!lack!of!
macroscopic!changes!due!to!trauma!or!disease!processes.!!
!
METHODS!
!
! Three!femoral!angles!were!measured:!neck=shaft!angle!(NSA),!bicondylar!
angle!(BA),!and!hip=center=shaft!angle!(HCA).!Prior!to!mensuration,!each!femur!
was!oriented!according!to!standard!reference!axes!(Ruff,!1981)!in!efforts!to!
maintain!reference!position!between!each!angular!measurement!within!an!
individual.!All!angles!were!measured!using!a!goniometer!and!recorded!to!the!
nearest!degree.!A!total!of!50!individuals!were!randomly!selected!for!repeated!
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measures!of!the!angular!dimensions!from!the!four!collections,!separated!by!
periods!of!one!week!in!each!of!the!four!samples.!Wilcoxon=Signed!rank!test!was!
employed!to!evaluate!repeatability!and!percent!measurement!errors!were!
calculated!following!White!and!Folkens!(2000).!Percent!measurement!error!
ranged!between!0.3%!and!1.7%,!with!no!significant!differences!observed!
between!repeated!measures.!!!
!
! !
Statistical!Analysis!
!
! Angular!dimensions!were!assessed!for!violations!in!the!assumptions!for!
parametric!tests!using!descriptive,!graphical,!and!diagnostic!techniques.!All!
angular!dimensions!significantly!differed!from!normality,!and!thus!the!angular!
dimensions!were!natural!log=transformed!and!non=parametric!tests!were!
employed.!Outlying!cases!with!a!Cook’s!distance!of!>1!were!eliminated!from!the!
data!set!prior!to!analysis.!
In!order!to!examine!the!potential!relationship!among!these!angles,!
Spearman’s!correlation!analysis!was!used!to!test!the!magnitude!and!significance!
of!the!relationship!among!angular!dimensions.!Correlation!analysis!was!
performed!using!SPSS!version!24.0.!All!alpha!levels!were!set!at!0.05.!
!
!
RESULTS!
!
! Descriptive!statistics!for!angular!dimensions!are!presented!in!Table!2.!
There!is!wide!variation!among!individuals!within!each!sample!in!the!NSA,!and!to!
a!lesser!extent,!the!BA.!In!contrast!to!these!angles,!minimal!variation!is!observed!
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in!the!HCA!in!this!study!sample.!No!significant!relationship!was!observed!
between!NSA!and!BC!(p=0.323).!Individuals!that!have!lower!NSA!do!not!
necessarily!have!greater!BC,!and!vice!versa.!Although!no!relationship!was!
observed!between!NSA!and!BA,!both!angular!dimensions!were!significantly!
correlated!with!the!HCA,!whereby!the!HCA!is!associated!with!lower!NSA!
(p<0.001)!and/or!greater!BA!(p<0.001)!within!individuals!(Table!3).!!
!
DISCUSSION!
!
There!is!considerable!variation!in!NSA,!and!to!a!lesser!extent!the!BA,!
among!individuals!in!this!study.!In!contrast!to!both!NSA!and!BA,!there!is!little!
variation!observed!in!the!HCA.!Remarkably,!the!HCA!is!approximately!5=6°!in!
most!individuals!included!in!this!study!sample.!!
NSA!and!BA!represent!two!angles!at!the!hip!and!knee,!which!similarly!
function!to!align!the!lower!limb!under!the!body!and!reduce!stress=related!stains!
along!the!long!axis!of!the!femur.!These!angles!are!developmentally!plastic,!
responding!to!shifting!ground!reaction!forces!associated!with!the!acquisition!of!a!
mature!gait!pattern.!Although!NSA!decreases!and!BA!increases!with!advancing!
age!in!able=bodied!children,!no!relationship!was!observed!between!NSA!and!BA!
within!adult!femora!in!this!study!(p=0.323).!Individuals!that!have!lower!NSA!do!
not!necessarily!have!larger!BA,!and!vice!versa.!While!these!angles!have!been!
shown!to!correlate!ontogenetically!(Tardieu!&!Damsin,!1997),!the!angulation!of!
the!proximal!femur!does!not!functionally!relate!to!the!angulation!of!the!distal!
femur!in!adults,!and!likely!reflect!differing!loading!events!experienced!about!the!
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hip!and!the!knee!that!engender!shear!stresses!across!the!developing!physis!
(Yoshioka!&!Cooke,!1987).!Any!potential!relationship!between!the!proximal!NSA!
and!distal!BA!may!be!more!heavily!influenced!by!other!features!such!as!pelvic!
tilt,!femoral!neck!length,!femoral!length,!or!tibial!torsion,!which!were!beyond!the!
scope!of!this!paper.!!
In!contrast,!a!significant!relationship!was!observed!between!both!NSA!and!
BA!with!the!HCA,!an!angle!that!represents!the!deviation!of!the!longitudinal!axis!
of!the!femur!from!the!axis!of!rotation!centers!of!the!hip!and!knee!(r==0.486r!
p<0.001).!As!NSA!decreases,!there!is!a!moderate!increase!in!the!HCA.!As!BA!
increases,!there!is!slight!increase!in!the!HCA!(r=0.135r!p=0.026).!The!declination!
of!the!NSA!likely!results!in!as!the!longitudinal!axis!is!shifted!further!from!the!hip!
center!of!rotation.!Taken!together,!this!suggest!that!the!HCA!may!be!a!
compensatory!alignment!between!proximal!and!distal!angular!modeling,!
reflecting!the!primacy!of!distributing!the!load!axis!through!the!femoral!condyles!
for!mechanical!efficiency!(Walmsley,!1933).!!
!
!
CONCLUSIONS!
!
! While!both!NSA!and!BA!are!developmentally!plastic,!responding!to!
shifting!forces!experienced!at!the!hip!and!knee!with!gait!acquisition,!data!suggest!
that!angular!modeling!in!response!to!shear!stresses!experienced!at!the!proximal!
and!distal!physeal!surfaces!during!development!are!likely!independent!
processes,!and!that!the!HCA!represents!a!functional!compensation!in!
maintaining!the!load!axis!through!the!centers!of!rotation.!Further!research!using!
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an!ontogenetic!sample!of!immature!remains!is!necessary!to!test!this!hypothesis!
further.!
!
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TABLES!
!
!
!
Sample Institution Subsistence0 Approx.0Time0Period N
Indian0Knoll NMNH;0Univ.0Kentucky HunterAgatherers 5000A25000BP 54
Arikara NMNH Horticulturalists 1600A18450AD 107
Campbell Univ.0Missouri Agriculturalists 1650A15400AD 54
Terry NMNH Urban/Industrialists 1828A1943 64
Total=279
TABLE&1.&&Sample&description,&housing&institution,&subsistence,&time&period,&and&sample&size
!
!
!
!
!
!
Sample Sex N median IQR Range median IQR Range median IQR Range
Pooled Pooled 279 123 6 34 10 2 10 6 6 7
Female 131 124 6 28 10 2 10 5 5 6
Male 148 123 5 34 10 2 9 6 1 6
Indian>Knoll Pooled 54 125 4 22 10 2 9 5 0 3
Female 23 124 5 20 10 1 9 5 0 3
Male 31 125 1 16 9 2 6 5 1 2
Arikara Pooled 107 122 6 24 10 3 9 6 1 6
Female 48 122 6 18 11 2 7 6 1 5
Male 59 121 6 24 10 3 8 6 1 5
Campbell Pooled 54 125 4 18 10 1 8 5 3 3
Female 27 125 5 18 10 2 6 5 0 2
Male 27 125 4 10 10 2 6 6 1 3
Terry Pooled 64 125 7 28 10 2 8 6 2 5
Female 33 125 5 28 10 1 8 6 2 2
Male 31 123 8 25 10 2 6 6 2 5
TABLE>2.>Medians,>interquartile>ranges,>ranges,>and>sample>sizes>for>femoral>angles>
NSA° Bicondylar° HCA°
!
!
!
!
!
r p r p r p
NSA &0.060 0.323 &0.486 <0.001
Bicondylar 0.135 0.026
HCA
NSA Bicondylar HCA
TABLE&3.&Spearman's&correlation&coefficients&and&significance&between&
angles&(n=279)
!
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CHAPTER!5!!
!
!
CONCLUSIONS!
!
!
My!research!focuses!on!how!activity!and!behavioral!patterns!have!shaped!
the!human!skeleton!in!the!past.!Specifically,!my!research!investigates!how!the!
angulation!of!the!femur!at!the!hip!influences!the!structural!variation!of!the!femur,!
and!how!this!relationship!might!augment!our!interpretation!of!behavioral!activity!
from!skeletal!remains.!My!results!suggest!that!variation!in!diaphyseal!structural!
morphology!may!be!explained,!in!part,!by!changes!in!lever!angulation!and!
orientation!by!altering!body!mass!distribution!and!mechanical!advantage!of!the!
muscles!about!the!hip.!This!research!highlights!the!inter=relationship!between!
diaphyseal!and!metaphyseal!modeling!in!response!to!the!mechanical!loadings!of!
the!femur!as!a!weight=bearing!element,!and!emphasizes!the!primacy!of!activities!
or!postural!behaviors!that!stimulate!changes!in!femoral!angles!during!growth!and!
development!on!final!adult!morphology.!This!research!is!applicable!to!a!variety!of!
contexts,!including!variation!in!body!form!and!proportions,!postural!behaviors,!
activity!levels,!and!impaired!mobility!associated!with!a!variety!of!clinical!
disorders.!!
!
Three!main!conclusions!may!be!drawn!from!this!project:!!
1)! Both!neck=shaft!angle!(NSA)!and!relative!body!proportions!change!
across!the!developmental!span.!However,!no!relationship!was!
observed!between!NSA!and!body!form!in!a!robust!and!diverse!sample!
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of!immature!remains.!Regardless!of!differences!in!body!proportions,!
individuals!with!similar!levels!of!mobility!during!development!exhibit!
similar!neck=shaft!angles.!!
2)! The!neck=shaft!angle!(NSA)!and!the!torsion!angle!(AT)!at!the!proximal!
femur!significantly!influence!the!load!distribution!along!the!long!axis!of!
the!femur,!and!differentially!affect!the!cross=sectional!geometry!of!the!
diaphysis.!Lower!NSA!have!their!greatest!effect!along!the!mediolateral!
of!the!shaft!in!the!proximal!femurr!Greater!AT!have!their!greatest!effect!
in!the!orientation!of!maximum!bending!rigidity!and!shape!in!the!
proximal!femur.!Caution!is!warranted!when!inferring!activity!patterns!
using!cross=sectional!geometric!properties!among!populations!that!
differ!in!femoral!angles.!
3)! Although!both!neck=shaft!angle!(NSA)!and!bicondylar!angle!(BA)!are!
reported!to!shift!in!response!to!changing!ground!reaction!forces!
experienced!at!the!hip!and!knee!associated!with!the!acquisition!of!a!
mature!gait!pattern,!no!relationship!between!these!angles!was!
observed!in!the!adult!sample!used!in!this!study.!Individuals!who!have!
lower!NSA!do!not!necessarily!have!greater!BA,!and!vice!versa.!Both!
angles,!however,!exhibit!a!significant!relationship!with!the!hip=center=
shaft!angle,!which!may!represent!a!compensatory!relationship!
between!the!hip!and!knee!for!mechanical!efficiency.!Further!testing!is!
needed!to!explore!this!relationship!further.!!
!
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